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Abstract 
 
Ceramics are a promising candidate for nuclear waste-form matrices, as part of the nuclear 
fuel matrix, and as cladding for fission or diverters for fusion reactors. This is due to their 
chemical durability, the ability to incorporate high loadings of radionuclides with minimal 
leaching, and tolerance to exposure to high-energy particles. It is the radiation tolerance 
that is the main focus of this study. There are two main parts to this study: the 
characterisation of the crystal structure of a range of compounds, all with the Ln2TiO5 (Ln 
= lanthanides) stoichiometry, and the testing of their ion-irradiation response. 
 
The most extensively-studied ceramic-based waste-form material is the polyphase, titanate-
based ceramic known as SYNROC. This PhD project looks closely at Ln2TiO5 compounds 
that make up part of the SYNROC matrix and their radiation response. Ion-irradiation is 
used throughout this study to simulate the damage effects of high-energy particles such as 
those from alpha-decay. In particular, in-situ ion-irradiation coupled with transmission 
electron microscopy (TEM) and electron diffraction are used for radiation damage 
measurement. 
 
The Ln2TiO5 series of compounds consist of four major crystallographic structure types; 
orthorhombic (Pnma), hexagonal (P63/mmc), cubic (Fm-3m), and cubic (Fd-3m). The final 
structure type is dependent on the ionic radius of the lanthanide used, the fabrication regime 
(temperature and pressure), and whether combinations of lanthanides are used. In this study 
all these variables, except pressure, are investigated. The full range of structure types was 
fabricated and their crystal structure characterised. 
 
An initial systematic study of the orthorhombic Ln2TiO5 series (Ln = La, Pr, Nd, Sm, Gd, 
Tb and Dy) using synchrotron x-ray diffraction provided greater detail on the crystal 
structures than the current literature, plus new data on the Sm2TiO5 and Pr2TiO5 structures. 
By using a systematic approach to investigate the orthorhombic series, lattice parameters, 
atomic positions, and valency trends could be inspected. From Dy to La, the lattice 
parameters for both a and b increased systematically by approximately 6 %, whilst c only 
increased by ~ 1.5 %. For decreasing lanthanide size, from La to Gd, there was little 
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variation in Ti-O bond lengths, while there was significant variation from this trend for the 
Tb2TiO5 and Dy2TiO5 compounds. 
 
This system of orthorhombic Ln2TiO5 compounds, including Eu2TiO5, was subsequently 
tested for ion-irradiation response using the in-situ TEM approach. For this particular 
study, the series of Ln2TiO5 compounds were exposed to 1 MeV krypton ions and ion-
irradiation response monitored via bright field images and selected area electron diffraction 
patterns (SADPs). The SADPs were used to determine the critical dose of irradiating ions 
required for the transition from crystalline to amorphous. This critical dose of 
amorphisation gave a quantity allowing radiation response of the various ceramics to be 
compared. The critical dose was also monitored at a variety of temperatures allowing a 
critical temperature for maintaining crystallinity to be quantified, with lower critical 
temperatures being the desired outcome. The critical temperatures for the La to Sm 
compounds were all high before sequentially decreasing from Eu to Dy. The source of 
improved radiation tolerance was further investigated for Dy2TiO5 by using bulk sample 
ion-irradiation, 12 MeV gold ions, and characterising the structure transitions using grazing 
incidence x-ray diffraction. 
 
Having determined that crystal structure is a significant influence on radiation response, a 
systematic series of compounds SmxYb2-xTiO5 was used as a controlled means of 
fabricating all of the major structure types for the Ln2TiO5 compounds. Various approaches 
were used, synchrotron powder x-ray diffraction, neutron diffraction, single-crystal x-ray 
diffraction, and transmission electron microscopy, to characterise the structures. The largest 
lanthanide, samarium, gave an orthorhombic symmetry, a slight increase in ytterbium 
content, Sm1.4Yb0.6TiO5 and SmYbTiO5, gave hexagonal symmetry, and the higher 
ytterbium content, Sm0.6Yb1.4TiO5 and Yb2TiO5, gave cubic symmetry. The hexagonal and 
cubic symmetry compounds showed modulated structures. For the cubic materials the 
structure consisted of long range fluorite-type, space group Fm-3m, and related but slightly 
incommensurate short range pyrochlore-type, space group Fd-3m, nano-domains. 
 
The SmxYb2-xTiO5 series of compounds were also tested for ion-irradiation response using 
the in-situ TEM approach. The critical temperatures for both the orthorhombic and 
hexagonal symmetry compounds were high, with significantly lower temperatures found 
for the cubic symmetry compounds. This was the first study to look at the radiation 
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tolerance of a hexagonal Ln2TiO5 compound, which gave an unexpectedly poor radiation 
response. 
 
After the success of using the SmxYb2-xTiO5 series to give a controlled means of fabricating 
all the major Ln2TiO5 structures, a further TbxYb2-xTiO5 systematic series was investigated. 
In this study, the fabrication of Tb2TiO5 in two different polymorphs, orthorhombic, and 
hexagonal as bulk single phase materials allowed the crystal structure details of a mono-
lanthanide polymorph compound to be determined for the first time. This also created the 
unique opportunity to test the ion-irradiation response of a single stoichiometry, Tb2TiO5, 
in two different structure types. The hexagonal structured Tb2TiO5 performed worst, having 
a higher critical temperature and a lower critical dose of amorphisation compared to the 
orthorhombic form. The TbxYb2-xTiO5 series again showed a marked improvement in 
radiation response for compounds based on cubic symmetry. 
 
With all in-situ ion-irradiation studies carried out thus far indicating that Ln2TiO5 
compounds with cubic symmetry have improved radiation tolerance, the final study of 
HoxYb2-xTiO5 and Er2TiO5 compounds focussed exclusively on the cubic system. There 
was sequential improvement in ion-irradiation response, lowering of critical temperature, 
from Ho2TiO5 to Er2TiO5 to HoYbTiO5 to Yb2TiO5. This trend corresponded with a 
decreasing lanthanide ionic radius and a greater tendency toward the fluorite-type structure. 
The in-situ, 1 MeV Kr ion-irradiation results were compared with bulk material ex-situ, 1 
MeV Se ion-irradiation. The ion-induced damage in bulk samples was characterised using 
cross-sectional TEM and critical temperatures for maintaining crystallinity were 
determined. Whilst critical temperature values determined using these two different 
techniques differed, the general trend of improved response from Ho2TiO5 to Yb2TiO5 still 
remained. This gives validation to the in-situ approach being used to determine radiation 
response trends for given systems of ceramics. 
 
This PhD study provides systematic and comprehensive ion-irradiation experimental data 
and analysis for a large range of Ln2TiO5 compounds coupled with crystal structure detail. 
The effect of crystal structure on ion-irradiation response shown here means Ln2TiO5 
compounds can be tailored to give the best possible properties for application. This is a first 
step in the process of validation for nuclear-based applications.  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page iv 
 
Certificate of Originality 
 
I hereby certify that this thesis does not contain, without the appropriate acknowledgement, 
any materials previously submitted for a degree at The University of Sydney or any other 
university. I also certify that this thesis does not contain, without the appropriate 
acknowledgement, any materials previously published or written by another person. Any 
contribution made to the research by others is explicitly acknowledged in the thesis. 
 
 
 
 
Signature ………………………………………….. 
 
   Robert D. Aughterson 
 
  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page v 
 
Author and Co-author Contributions and Signatures 
 
The following lists the journal publications in the order they appear through the thesis with 
the associated contributions to each detailed: 
 
 Chapter 6.1: 
 
Crystal Chemistry of the Orthorhombic Ln2TiO5 compounds with Ln = La, Pr, Nd, Sm, Gd, 
Tb and Dy, Journal of Solid State Chemistry, 227: 60-67 (2015)  
DOI: 10.1016/j.jssc.2015.03.003 
Authors: R. D. Aughterson, G. R. Lumpkin, G. J. Thorogood, Z. Zhang, B. Gault, and J. M. 
Cairney 
 
Fabrication of samples was carried out by R. D. Aughterson. All synchrotron powder XRD 
data was collected by R. D. Aughterson and G. J. Thorogood, except synchrotron powder 
XRD for Sm2TiO5, which was collected by Z. Zhang. Rietveld refinements of the XRD 
data were carried out via collaboration between R. D. Aughterson and Z. Zhang. UV-vis 
absorption spectroscopy data was collected by I. Karatchevtseva. All other data was 
collected and analysed by R. D. Aughterson with the exception of bond valence 
calculations, which were carried out in collaboration with G. R. Lumpkin.  R. D. 
Aughterson was the primary writer of the manuscript under the supervision of G. R. 
Lumpkin, B. Gault, and J. M. Cairney. 
 
 
 Chapter 6.2: 
 
Crystal structures of orthorhombic, hexagonal, and cubic compounds of the Sm(x)Yb(2-
x)TiO5 series, Journal of Solid State Chemistry, 213: 182-192 (2014) 
DOI: 10.1016/j.jssc.2014.02.029 
Authors: R. D. Aughterson, G. R. Lumpkin, M. de los Reyes, N. Sharma, C. D. Ling, B. 
Gault, K. L. Smith, M. Avdeev, and J. M. Cairney 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page vi 
 
Fabrication of samples was primarily carried out by R. D. Aughterson with the exception of 
Sm2TiO5 single crystals grown via the floating zone furnace where N. Sharma gave expert 
guidance. Single crystal laboratory XRD data for Sm2TiO5 was collected and analysed by 
N. Sharma. Collection of neutron diffraction data for Yb2TiO5 was carried out by M. 
Avdeev. Synchrotron powder XRD data was collected by R. D. Aughterson and G. J. 
Thorogood. Rietveld refinements of the diffraction data were carried out via collaboration 
between R. D. Aughterson and M. de los Reyes. All other data were collected and analysed 
by R. D. Aughterson.  R. D. Aughterson was the primary writer of the manuscript under the 
supervision of G. R. Lumpkin, K. L. Smith, B. Gault, and J. M. Cairney. 
 
 
 Chapter 7.1: 
 
Ion-irradiation resistance of the orthorhombic Ln2TiO5 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb 
and Dy) series, Journal of Nuclear Materials, 467: 683-691 (2015) 
DOI: 10.1016/j.jnucmat.2015.10.028 
Authors: R. D. Aughterson, G. R. Lumpkin, M. Ionescu, M. de los Reyes, B. Gault, K. R. 
Whittle, K. L. Smith, and J. M. Cairney 
 
Fabrication of samples was carried out by R. D. Aughterson. In-situ ion-irradiations were 
primarily carried out by R. D. Aughterson with assistance from K. R. Whittle and M. de los 
Reyes. Bulk ion-irradiations were carried out by M. Ionescu. All other data was collected 
and analysed by R. D. Aughterson.  R. D. Aughterson was the primary writer of the 
manuscript under the supervision of G. R. Lumpkin, K. L. Smith, B. Gault, and J. M. 
Cairney. 
 
 
 Chapter 7.2: 
 
The influence of crystal structure on ion-irradiation tolerance in the Sm(x)Yb(2-x)TiO5 series, 
Journal of Nuclear Materials, 471: 17-24 (2016) 
DOI: 10.1016/j.jnucmat.2015.12.036 
Authors: R. D. Aughterson, G. R. Lumpkin, M. de los Reyes, B. Gault, P. Baldo, E. Ryan, 
K. R. Whittle, K. L. Smith, and J. M. Cairney 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page vii 
 
 
Fabrication of samples was carried out by R. D. Aughterson. In-situ ion-irradiations were 
primarily carried out by R. D. Aughterson with assistance from P. Baldo, E. Ryan, K. R. 
Whittle and M. de los Reyes. UV-vis absorption spectroscopy data were collected by I. 
Karatchevtseva.  All other data were collected and analysed by R. D. Aughterson.  R. D. 
Aughterson was the primary writer of the manuscript under the supervision of G. R. 
Lumpkin, K. L. Smith, B. Gault, and J. M. Cairney. 
 
 
Chapter 7.3: 
 
The crystal structures and corresponding ion-irradiation response for the Tb(x)Yb(2-x)TiO5 
series, Ceramics International 44(1): 511-519.. 
DOI: 10.1016/j.ceramint.2017.09.205 
Authors: R. D. Aughterson, G. R. Lumpkin, K. L. Smith, Z. Zhang, N. Sharma, and J. M. 
Cairney 
 
Fabrication of samples was primarily carried out by R. D. Aughterson with the exception of 
Tb2TiO5 single crystals grown via the floating zone furnace where N. Sharma gave expert 
guidance. All data was collected and analysed by R. D. Aughterson, except synchrotron 
powder XRD for Tb2TiO5, which was collected by Z. Zhang. Rietveld refinements of the 
Tb2TiO5 data were carried out via collaboration between R. D. Aughterson and Z. Zhang. 
R. D. Aughterson was the primary writer of the manuscript under the supervision of G. R. 
Lumpkin, K. L. Smith, and J. M. Cairney. 
 
 
 Chapter 7.4: 
 
The ion-irradiation tolerance of the pyrochlore to fluorite HoxYb2-xTiO5 and Er2TiO5 
compounds; a TEM comparative study using both in-situ and bulk ex-situ irradiation 
approaches. 
Journal of Nuclear Materials 507: 316-326. 
DOI: 10.1016/j.jnucmat.2018.05.026 
Authors: R. D. Aughterson, G. R. Lumpkin, K. L. Smith, M. de los Reyes, J. Davis, M. 
Avdeev, M. C. Ridgway, and J. M. Cairney 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page viii 
 
 
Fabrication of samples was carried out by R. D. Aughterson.  Bulk ion-irradiations were 
carried out by M. C. Ridgway. TEM cross-sectional specimens were prepared using the 
focussed ion-beam operated by J. Davis. In-situ ion-irradiations were primarily carried out 
by R. D. Aughterson with assistance from M. de los Reyes. All other data were collected 
and analysed by R. D. Aughterson, except neutron powder diffraction for Ho2TiO5, which 
was collected by M. Avdeev. Rietveld refinements of the Ho2TiO5 data were carried out via 
collaboration between R. D. Aughterson and M. Avdeev. R. D. Aughterson was the 
primary writer of the manuscript under the supervision of G. R. Lumpkin, K. L. Smith, and 
J. M. Cairney. 
 
  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page ix 
 
Co-author Signatures 
 
The co-authors listed below acknowledge and certify that they have contributed to 
publications and/or manuscripts in this thesis and that they agree to the use of those 
publications and/or manuscripts within this thesis. 
 
Julie M. Cairney, School of Aerospace, Mechanical and Mechatronic Engineering, The 
University of Sydney, NSW 2006, Australia. 
 
 
Signature: …………………………………………………………….. 
Julie M. Cairney 
 
Gregory R. Lumpkin, Institute of Materials Engineering, Australian Nuclear Science and 
Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Gregory R. Lumpkin 
 
Baptiste Gault, Department of Microstructure Physics and Alloy Design, Max-Planck-
Institut fur Eisenforschung GmbH, Dusseldorf 40237, Germany. 
 
 
Signature: …………………………………………………………….. 
Baptiste Gault 
 
Katherine L. Smith, Gov International and External Relations, Australian Nuclear Science 
and Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Katherine L. Smith 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page x 
 
 
Massey de los Reyes, Environmental Protection Agency, Adelaide, SA 5000, Australia. 
 
 
Signature: …………………………………………………………….. 
Massey de los Reyes 
 
Karl R. Whittle, Centre for Materials and Structures, School of Engineering, The 
University of Liverpool, Liverpool L69 3GH, United Kingdom. 
 
 
Signature: …………………………………………………………….. 
Karl R. Whittle 
 
Zhaoming Zhang, Institute of Materials Engineering, Australian Nuclear Science and 
Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Zhaoming Zhang 
 
Neeraj Sharma, School of Chemistry, University of New South Wales, Sydney, NSW 2052, 
Australia. 
 
 
Signature: …………………………………………………………….. 
Neeraj Sharma 
 
Gordon J. Thorogood, Institute of Materials Engineering, Australian Nuclear Science and 
Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Gordon J. Thorogood 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xi 
 
Maxim Avdeev, Australian Centre for Neutron Scattering, Australian Nuclear Science and 
Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Maxim Avdeev 
 
Christopher D. Ling, School of Chemistry, The University of Sydney, NSW 2006, 
Australia. 
 
 
Signature: …………………………………………………………….. 
Christopher D. Ling 
 
Mihail Ionescu, Institute of Materials Engineering, Australian Nuclear Science and 
Technology Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Mihail Ionescu 
 
Peter Baldo, Materials Science Division, Argonne National Laboratory, Argonne, IL60439, 
USA. 
 
 
Signature: …………………………………………………………….. 
Peter Baldo 
 
Edward A. Ryan, Materials Science Division, Argonne National Laboratory, Argonne, 
IL60439, USA. 
 
 
Signature: …………………………………………………………….. 
Edward A. Ryan 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xii 
 
Joel Davis, Institute of Materials Engineering, Australian Nuclear Science and Technology 
Organisation, Lucas Heights, NSW 2234, Australia. 
 
 
Signature: …………………………………………………………….. 
Joel Davis 
 
 
  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xiii 
 
Conference Participation (Oral Presentations) 
 
The 22nd Australian Conference on Microscopy and Microanalysis, Perth, WA, Australia, 
February 2012. 
TEM studies of ion-irradiation tolerance in Gd2TiO5, R. D. Aughterson, J. M. Cairney, B. 
Gault, M. C. Ridgway, R.G. Elliman, and G.R. Lumpkin. 
 
The 3rd Workshop on TEM With In Situ Irradiation (WOTWISI-3), Sapporo, Hokkaido, 
Japan, July 2013. 
Invited Talk. 
Ion-irradiation resistance of Gd2TiO5 studied both via; bulk, ex-situ, and thin crystal, in-
situ, TEM analysis, R.D. Aughterson, J. M. Cairney, B. Gault, M. C, Ridgway, R.G. 
Elliman, N.J. Zaluzec, and G.R. Lumpkin.  
 
The Combined Australian Materials Societies (CAMS) conference, Sydney, NSW, 
Australia, November 2014. 
Received the Australian Ceramic Society CAMS2014 conference bursary. 
Crystal Structure Influence on Ion-Irradiation Tolerance of Ln2TiO5 compounds, R.D. 
Aughterson, G.R. Lumpkin, B. Gault, K. R. Whittle, M. de los Reyes,  
K. L. Smith, J. M. Cairney. 
 
The Australian Micro-beam Analysis Society Symposium (AMAS XIII), Hobart, 
Tasmania, Australia, February 2015. 
The response of complex ceramic oxides exposed to ion-irradiation, compared using two 
TEM characterisation techniques; bulk, ex-situ, and thin crystal, in-situ, R.D. Aughterson, 
J. M. Cairney,  M. C. Ridgway,  N.J. Zaluzec and G.R. Lumpkin.  
 
The 24th Australian Conference on Microscopy and Microanalysis, Melbourne, VIC, 
Australia, January 2016. 
In-situ TEM studies of the radiation tolerance of ceramics, R.D. Aughterson, J. M. Cairney, 
N.J. Zaluzec, and G.R. Lumpkin.  
 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xiv 
 
Acknowledgements 
 
Thanks must first go to my primary supervisor Professor Julie M. Cairney for the guidance 
and opportunity she has given allowing me to create this thesis. I’ve been fortunate enough 
to have had multiple co-supervisors. Dr Baptiste Gault was instrumental to guiding me 
toward collaborative work and helping me develop ideas, and later from various 
international locations making the time to help edit manuscripts and share further ideas. My 
colleague and mentor at ANSTO, Dr. Gregory R. Lumpkin, was the original inspiration for 
my studies, not to mention my original employer. Greg, thank you so much for the time and 
dedication you’ve put into developing me as a researching scientist. You still remain an 
inspiration to me and a good friend. 
 
Whilst never being officially nominated as a co-supervisor I think it would be fair to say Dr 
Katherine L. Smith has more than fulfilled this role. Kath, without your well-meaning 
discipline in setting me deadlines, pulling apart nearly everything I’ve written, and the 
shear fear that you instilled into me of the consequences of not getting things done, I would 
still be lost in my thesis wilderness. You have always been an inspirational mentor and a 
wonderful friend. 
 
There has been a cast of thousands, from the University of Sydney, ANSTO, and a variety 
of other universities and institutions, helping contribute to this thesis to varying degrees. 
Obviously I would like to acknowledge and thank all of these people, so apologies if I have 
mistakenly left anyone out. In the early stages of my studies Professor Mark C. Ridgway 
was kind enough to give me access to his accelerating beam lines and for this I am very 
thankful. Thanks to Dr. Gordon J. Thorogood who was kind enough to allow me to join 
him during his allotted time at the Australian synchrotron. The data collected during this 
initial trip contributed to my first publication. Later trips by Dr. Zhaoming Zhang where 
she was kind enough to spare me some of her beam line time also have led to publications, 
thank-you. 
 
A central theme of this thesis is the ion-irradiation tolerance of ceramics. The majority of 
ion-irradiation experiments have been carried out at Argonne National Laboratory, 
Chicago, USA. Without access to this facility this thesis would not exist, and without the 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xv 
 
dedicated employees the facility would not function. Thank you to all the staff there Dr. 
Marquis Kirk, Ed Ryan, Pete Baldo, Nestor Zaluzec and Meimei Li. In particular thanks to 
Ed, Pete and Nestor who always make me welcome and often ply me with the very unique 
Chicago deep pan pizza. 
 
At ANSTO over the years numerous colleagues, past and present, have helped with 
experimental work or editorial advice. Thank-you to Dr. Maxim Avdeev for giving me 
access to the neutron diffraction beam-line and for help with crystal structure refinements. 
I’d like to thank Joel Davis for advice on SEM operation and for carrying out FIB specimen 
preparation. Thanks to Dr. Mihail Ionescu for providing access to the accelerated beam-
lines at ANSTO. Thank-you to Professor Karl R. Whittle for helping with some of the in-
situ ion-irradiations and giving editorial advice on several manuscripts. Thank-you to Dr 
Inna Karatchevtseva for access and help with UV-vis spectroscopy. A big thank-you to Dr. 
Massey de los Reyes whose boundless energy and positivity is inspirational and a little 
contagious. Massey thank-you for helping with several aspects of my research, the 
refinements, in-situ irradiations, and spending so much time going over my manuscripts in 
such detail. 
 
The opportunity to fabricate single crystal specimens was provided by Dr. Christopher D. 
Ling, thank-you. These were fabricated under the guidance of Dr. Neeraj Sharma. Neeraj 
has helped improve my research experience in various ways including collaborations 
moving beyond this thesis. Thank-you Neeraj for your friendship, help and guidance. 
 
Whilst this thesis seems to have consumed a fair portion of my life over the past years 
balance and sanity have been provided by my family. Mum and dad (Christine and 
Maurice), Matthew and my big nephew Sai, Julie, Jarrah and Melinda, you guys mean the 
world to me. To my boys Flynn and Tait, and wife Alyssa, thank you for being so special 
and making my world so wonderful.  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xvi 
 
Table of Contents 
Abstract ................................................................................................................................... i 
Certificate of Originality ....................................................................................................... iv 
Author and Co-author Contributions and Signatures.............................................................. v 
Co-author Signatures ............................................................................................................ ix 
Conference Participation (Oral Presentations).................................................................... xiii 
Acknowledgements ............................................................................................................. xiv 
Table of Contents ................................................................................................................ xvi 
List of Figures ..................................................................................................................... xix 
List of Tables ..................................................................................................................... xxii 
1. Motivation ...................................................................................................................... 1 
2 Waste-forms ................................................................................................................... 7 
2.1 Nuclear Waste Types ................................................................................................... 7 
2.2 Glass Waste-forms ....................................................................................................... 8 
2.3 Ceramic Waste-forms .................................................................................................. 9 
2.3.1 SYNROC ................................................................................................................ 12 
2.3.1.1 Hollandite ........................................................................................................... 13 
2.3.1.2 Perovskite ........................................................................................................... 13 
2.3.1.3 Zirconolite .......................................................................................................... 14 
2.3.1.4 Pyrochlore ........................................................................................................... 16 
2.3.1.5 Fluorite................................................................................................................ 18 
2.3.2 The Ln2TiO5 (Ln = lanthanides and yttrium) System ............................................ 19 
3 Simulation of Radiation Damage Accumulation ...................................................... 21 
3.1 Introduction ................................................................................................................ 21 
3.2 Natural Analogues ..................................................................................................... 22 
3.3 Doping Synthetic Materials with Active Isotopes ..................................................... 24 
3.4 Exposure to Neutrons within a Nuclear Reactor ........................................................ 25 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xvii 
 
3.5 Ion-irradiation: Introduction ...................................................................................... 26 
3.5.1 In-situ Ion-Irradiation/TEM Characterisation; Method and Facilities ................... 27 
3.5.2 Ion Mass, Ion Energy, Flux and Temperature Influence on Damage Accumulation 
and Recovery ........................................................................................................................ 29 
3.5.3 1 MeV Kr2+ Ion-Irradiation Study Review ............................................................ 32 
3.5.4 Linking the Material Properties and Characteristics to their Radiation Response. 37 
3.5.5 Alternative Methods for Characterisation of Ion-Irradiation Induced Damage ..... 42 
Introduction ........................................................................................................................... 42 
3.5.5.1 Transmission Electron Microscopy .................................................................... 42 
3.5.5.2 X-ray Absorption Spectroscopy ......................................................................... 45 
3.5.5.3 X-ray Diffraction ................................................................................................ 45 
3.5.5.4 Raman Spectroscopy .......................................................................................... 46 
4 Fundamentals of Damage Accumulation and Recovery .......................................... 47 
Introduction ........................................................................................................................... 47 
4.1 Dynamics of Collisions (Elastic Scattering, Conservation of Momentum and Energy)
 47 
4.2 Cross-section .............................................................................................................. 52 
4.3 Ion Energy Loss Process (Electronic and Nuclear Stopping) .................................... 53 
4.3.1 Nuclear, Elastic Collisions (Nuclear Stopping) ..................................................... 55 
4.3.2 Electronic, Inelastic Collisions (Electronic Stopping) ........................................... 56 
4.4 Radiation Damage ...................................................................................................... 57 
4.4.1 Displacement Energy ............................................................................................. 58 
4.4.2 Primary Knock-on Atoms ...................................................................................... 59 
4.4.3 Damage distribution ............................................................................................... 60 
4.4.4 Displacements Per Atom (dpa) .............................................................................. 62 
4.5 Radiation-Induced Microstructural Evolution ........................................................... 63 
4.6 Amorphous fraction ................................................................................................... 65 
4.7 Damage Accumulation Models.................................................................................. 67 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xviii 
 
4.8 Modelling damage (SRIM) ........................................................................................ 76 
5. Aims and scopes of this thesis ..................................................................................... 78 
6. Crystal structures in the Ln2TiO5 system.................................................................. 80 
6.1. Crystal Chemistry of the Orthorhombic Ln2TiO5 compounds with Ln = La, Pr, Nd, 
Sm, Gd, Tb and Dy ............................................................................................................... 81 
6.2. Crystal structures of orthorhombic, hexagonal, and cubic compounds of the 
Sm(x)Yb(2-x)TiO5 series .......................................................................................................... 91 
7. Ion-irradiation response in the Ln2TiO5 system ..................................................... 104 
7.1. Ion-irradiation resistance of the orthorhombic Ln2TiO5 (Ln = La, Pr, Nd, Sm, Eu, 
Gd, Tb and Dy) series ......................................................................................................... 106 
7.2. The influence of crystal structure on ion-irradiation tolerance in the Sm(x)Yb(2-x)TiO5 
series 117 
7.3. The crystal structures and corresponding ion-irradiation response for the Tb(x)Yb(2-
x)TiO5 series ........................................................................................................................ 127 
7.4. The ion-irradiation tolerance of the pyrochlore to fluorite HoxYb2-xTiO5 and Er2TiO5 
compounds; a TEM comparative study using both in-situ and bulk ex-situ irradiation 
approaches........................................................................................................................... 138 
8. Conclusions................................................................................................................. 151 
8.1. Crystal Structures ..................................................................................................... 151 
8.1.1. The Ln2TiO5 orthorhombic system. ..................................................................... 151 
8.1.2. The Sm(x)Yb(2-x)TiO5 crystal structure series. ...................................................... 152 
8.2. Ion-irradiation response ........................................................................................... 153 
8.2.1. The in-situ ion-irradiation response for the Ln2TiO5 orthorhombic system. ....... 153 
8.2.2. The influence of crystal structure on ion-irradiation response. ............................ 154 
8.2.3. In-situ and ex-situ ion-irradiation response for the Ln2TiO5 cubic system. ......... 156 
 
 
 
 
 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xix 
 
List of Figures 
 
Figure 1.1: A map showing, within the Asia region, nuclear power reactors, which are 
currently operational, under construction or planned for future operation. Information 
sourced from the World Nuclear Association [1]. .................................................................. 1 
 
Figure 2.1.1: Cation concentration and co-ordination numbers for the cations within 
reference-simulated nuclear waste PW-4b [33]. ..................................................................... 8 
 
Figure 2.3.1.4.1: The Zirconolite, Pyrochlore and Fluorite crystal structure series.  (a) 
shows zirconolite viewed down zone axis [0 1 0], slightly offset, showing TiO6 octahedra 
and TiO4 tetrahedra layers (blue polyhedra) with alternating cation Ca (CN 8) and Zr (CN 
7) (yellow and green balls respectively) layers. (c) zirconolite down zone axis [1 0 3] 
showing hexagonal and triangular channels (TiO4 tetrahedra not shown instead Ti is 
represented with blue balls). (b) shows one eighth of pyrochlore unit cell with A-site 
cations (green balls), B-site (titanium cations, blue), oxygens (red) and oxygen vacancy 
(red square). (e) shows a Ln2Ti2O7 pyrochlore viewed down zone axis [0 1 1] showing 
TiO6 corner sharing octahedra arranged to form hexagonal and triangular channels with 
lanthanides (CN 8) positions shown with green balls (compare with zirconolite in (c)).  (d) 
shows the ideal fluorite structure with disordering on cation sites (yellow balls) compared 
with ordered site locations for pyrochlore (refer to (b)) and anion positions shown with blue 
balls. ...................................................................................................................................... 17 
 
Figure 3.5.3.1: The critical temperatures of a series of Ln2Ti2O7 compounds plotted with 
respect to the lanthanide radii. The graph was adapted from data of Lian et al. [63]. .......... 36 
 
Figure 4.1.1: The same binary collision between an irradiating ion and a lattice atom 
described in two reference frames; laboratory and centre of mass. This figure was adapted 
from the text “Ion-solid interactions” [140].......................................................................... 49 
 
Figure 4.1.2: A binary collision between an irradiating ion and a lattice atom, showing the 
velocity vector broken up into radial and transverse parts. The resultant angular momentum 
is perpendicular to the plane defined by vectors r and v. This figure was adapted from “Ion-
solid interactions” [141]. ....................................................................................................... 51 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xx 
 
Figure 4.3.1: SRIM calculated ion ranges for gold and helium ions in a Gd2TiO5 target 
showing the differences in distribution and concentration of ions. The comparison shows 
the effect of a small mass ion, He, in a heavy mass target, and when the mass of the ion, 
Au, is greater than the mass of the target. ............................................................................. 54 
 
Figure 4.3.2: The calculated rate of energy loss for Gd2TiO5 exposed to accelerated krypton 
ions. The energy loss (keV / nm) is separated into both nuclear and electronic interactions 
with calculations performed using SRIM [138].................................................................... 55 
 
Figure 4.4.1.1: Diagrams displaying the main defect types; Schottky defect (vacancy), 
Frenkel (interstitial), and Frenkel pair (interstitial and vacancy). ........................................ 58 
 
Figure 4.4.3.1: The primary knock-on atom energy versus the number of displaced atoms 
within a collision cascade based on the Kinchin-Pease model [144]. .................................. 61 
 
Figure 4.5.1: A high energy ion is incident on a region of lattice atoms causing 
displacement and resulting in the formation of Frenkel-pairs (interstitials and vacancies). 
There are three different potential fates for these defects, from left to right; defects not 
mobile resulting in damage accumulation, defects mobile resulting in interstitial-vacancy 
recombination, defects mobile resulting in nucleation of defects (here a vacancy loop is 
shown). .................................................................................................................................. 64 
 
Figure 4.6.1: The amorphous fraction versus normalised fluence displaying the effects of 
various damage accumulation processes: (A) defect accumulation, (B) interface control, (C) 
cascade overlap, (D) direct impact, and (E) direct impact with cascade twice as large as in 
(D) [102]. .............................................................................................................................. 66 
 
Figure 4.7.1: Simulated ion path and displacement cascades for (a) He 100 keV into 
Gd2TiO5 and (b) Kr 100 keV into Gd2TiO5. Note the scale of the window changes (a) to (b) 
from 5000 to 1000 Angstrom. Simulations carried out using software SRIM [138]. .......... 68 
 
Figure 4.7.2: The direct-impact model proposed by Gibbons [102], here showing the planar 
view of regions of phase transformation, amorphisation, represented as black spots. Each 
black spot represents the cross-section of damage created by the ion beam path creating 
subsequent displacement cascades. ....................................................................................... 70 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xxi 
 
Figure 4.7.3: The single cascade overlap model proposed by Gibbons [102], here showing 
the planar view of regions of ion induced damage, represented as grey spots. Each grey spot 
represents the cross-section of damage created by the ion beam path creating subsequent 
displacement cascades. The overlap of damage regions creates a critical concentration of 
defects facilitating amorphisation, shown as the darkened overlap region. ......................... 71 
 
Figure 4.7.4: The composite black and grey spot model adapted from Sickafus [147] 
showing ion-induced damage regions consisting of both an amorphous core and a damaged 
outer periphery where no crystalline to amorphous transition has occurred. As with the 
cascade overlap model, the overlap of damage cascades results in amorphisation at the 
cross-over region. .................................................................................................................. 73 
 
Figure 4.7.5: The damage region surrounding the damage cascade created via the 
interaction between a high-energy ion and a crystalline solid. The damage zone is displayed 
as an idealised cylindrical shape. Vacancies escape from the outer sheath with this area re-
crystallising whilst the inner core of damage becomes amorphous. This figure was taken 
directly from work published by Morehead and Crowder [107]. ......................................... 74 
 
Figure 4.7.6: A schematic illustration of the processes involved in the formation of a 
cylindrical damage cascade due to the target material being exposed to a swift heavy ion. 
This image is a direct copy of that from the published work of Zhang et al. [133]. ............. 75 
 
Figure 4.8.1: The SRIM based calculation for 1 MeV Kr ions interacting with the complex 
ceramic oxide Gd2TiO5 and the corresponding average of target atom displacements versus 
target depth............................................................................................................................ 77 
 
 
  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page xxii 
 
List of Tables 
 
Table 1: Waste forms designed for containment of high-level wastes (adapted from 
Lumpkin [4]) ........................................................................................................................... 3 
 
Table 2: Some of the main ceramic based phases for nuclear waste-forms (Table adapted 
from [38]). ............................................................................................................................. 12 
 
Table 3: Examples of natural Th-U analogue deposits, their mineralogy and general 
chemical composition (adapted from Lumpkin et al., 2014 [7]). ......................................... 23 
 
Table 4: TEMs coupled with in-situ ion-irradiation currently operational (2016).This table 
was adapted from Hinks [89]. ............................................................................................... 28 
 
Table 5: Compounds exposed to 1 MeV Kr2+ ions at various temperatures to a dose 
sufficient for amorphisation. The calculated critical temperature of amorphisation for each 
compound is listed from most radiation tolerant to least. ..................................................... 33 
  
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 1 
 
1. Motivation  
 
According to the “2014 Key World Energy Statistics” published by the International 
Energy Agency, 22,668 TWh of electrical energy was produced in 2012. This energy 
production is more than three and a half times that produced in 1973. According to the 
World Nuclear Association [1] the electricity supplied via nuclear reactors currently, as at 
February 2018, provides about 11 % of the total world electricity generation. This is 
currently supplied by about 450 operational commercial nuclear power reactors with over 
60 currently under construction and a concentration of this new construction within the 
general Asian region (refer to Figure 1.1). 
 
 
Figure 1.1: A map showing, within the Asia region, nuclear power reactors, which are 
currently operational or under construction for future operation. Information sourced from 
the World Nuclear Association [1]. 
 
With the predicted trend of ever-increasing world energy consumption, the climate-change 
driven urgency to use energy sources with minimal CO2 production, and the current and 
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planned construction of nuclear power reactors, it is likely that nuclear power will continue 
to be used as a significant source of electricity production for the foreseeable future.  
The nuclear fuel used within these reactors, traditionally UO2, needs to be replaced after a 
number of years (on average ~3). This spent fuel is classified as high level waste, 
consisting mostly of uranium ~ 96 %, plutonium 1 % and the remaining 3 % a variety of 
fission products. The principal sources of nuclear waste are spent nuclear fuel, liquid waste 
from the reprocessing of spent fuel and the waste generated from dismantling of nuclear 
weapons. 
 
The current estimated inventory of spent nuclear fuel is approximately 280,000 tonnes [2] 
with a projected production of around 10,000 tonnes per year. The majority of this spent 
fuel is currently held on-reactor-site within fuel pools or using dry cask storage (concrete 
and metal containers). This style of storage is only a temporary solution. A longer term 
storage solution is still being developed. The international consensus is that this waste 
should be further consolidated in containment materials and stored in deep geological 
repositories. [3] 
  
For long term storage, the waste material must be held within some form of containment 
material. For radioactive waste, these containment materials need to be solid and stable to 
allow safe handling and disposal, preventing environmental contamination and human 
exposure. Possible containment material choices include glasses, ceramics, or glass 
ceramics for high level wastes (HLW), and bitumen or cements for intermediate level 
wastes (ILW). These materials are chosen on the basis of specific criteria: they need to 
have aqueous and chemical durability, they should be able to incorporate a reasonable 
waste load within their structure, they need to be radiation tolerant, and there should be 
minimal volume swelling [4].  The current containment material of choice is borosilicate 
glass. However, since the 1970’s there has been research on alternatives to borosilicate 
glass, looking for materials with greater chemical durability, less aqueous dissolution and 
increased waste loadings. 
 
An alternative containment material is SYNROC, a polyphase, titanate based ceramic, with 
different formulations designed to cater for various waste streams (refer to Table 1, adapted 
from Lumpkin [4]). An intermediate-level waste treatment plant is due for construction 
(expected completion 2019) at the Australian Nuclear Science and Technology 
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Organisation (ANSTO), where SYNROC will be used to immobilise intermediate liquid 
waste resulting from molybdenum-99 production at ANSTO. 
 
Table 1: Waste forms designed for containment of high-level wastes (adapted from 
Lumpkin [4]) 
Waste Form Phases Application 
Waste 
Loading 
(Weight %) 
 
SYNROC-C 
 
Zirconolite, perovskite, 
hollandite, rutile 
HLW from 
reprocessing 
20 
 
SYNROC-D 
 
Zirconolite, perovskite, 
spinel, nepheline 
US defence waste 
60-70 
 
 
SYNROC-F 
 
Pyrochlore, perovskite, 
uraninite 
Spent fuel 50 
 
Pyrochlore 
(A2B2O6Y) 
 
Pyrochlore, zirconolite-
4M, brannerite, rutile 
Actinides and Pu 35 
 
Zirconolite 
(CaZrTi2O7) 
 
Zirconolite, rutile Actinides 25 
 
A potential problem with the use of ceramics as containment materials is the susceptibility 
of the crystalline material to amorphisation. This amorphisation may lead to volume 
swelling, embrittlement and micro-cracking, which can lead to reduced chemical durability, 
increased leaching of waste and structural failure [5-7]. 
 
Any proposed containment material for the immobilisation of high level waste must be 
rigorously investigated prior to application to ensure its integrity is maintained throughout 
the critical storage period.  
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There are a variety of approaches used to test the radiation response of potential 
containment materials. By examining natural mineral analogues, which contain actinides, 
the long-term host phase response can be studied [8-11]. However, these studies will be 
limited by the availability of the range of naturally occurring analogues. Historically, 
natural analogues containing radionuclides created the initial basis for further investigating 
certain ceramics as containment materials for waste forms.  
 
Natural uranium contains 0.7202% 235U, but samples measured from the Oklo uranium 
mine (Gabon, Central Africa) contained only 0.7101% 235U. This discrepancy in uranium 
isotope content indicated neutron absorption in 235U followed by fission had naturally 
occurred. The waste products of this natural fission were retained within the local geology. 
This natural radioactive waste had been contained for over 1.5 billion years within certain 
minerals, indicating that it should be possible to replicate this with synthetic ceramic 
containment materials for waste-forms.  
 
To simulate the long-term host phase response to radiation exposure several alternative 
approaches have been used [12]: 
1) Doping with radioactive isotopes. 
2) Placing within a nuclear reactor. 
3) Exposure to accelerated ions (ion-irradiation). 
 
Whilst simulating radiation damage in candidate materials is not complete confirmation of 
the materials’ radiation tolerance, there is evidence to suggest a reasonable correlation 
between these studies and those on natural analogues [12]. There are safety of handling 
issues associated with the first two approaches suggested above, requiring a suite of 
specialised equipment and holding hot-cells to facilitate the experiments. These two 
approaches also require considerable time, often several years, before measurable results 
can be attained. However the ion-irradiation experimental approach allows results to be 
attained quickly, under highly controllable conditions, making results reproducible, and 
allowing rapid screening of potential materials. The ability to achieve high irradiation doses 
in a short time means that by using ion-irradiation, doses equivalent to long term (a 
hundred thousand years or more) HLW storage can be achieved in minutes to hours. Care 
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needs to be taken when using high irradiation doses to ensure the increased flux has 
minimal effect on increased specimen temperature. The use of transmission electron 
microscopy (TEM) in-situ characterisation allows the irradiation induced defect production 
and microstructure evolution to be directly observed, giving insights to the fundamental 
characteristics of damage accumulation.  
 
There are numerous ion-irradiation response studies, which have been carried out on 
ceramic materials and are focussed on the crystalline to amorphous transition [12-18]. In 
previous studies, attempts have been made to draw relationships between this particular 
radiation response and certain intrinsic material characteristics using the wealth of data, 
sometimes in excess of 100 test samples, already published [19-22].  
 
The main objectives of this thesis are to add to the current library of ion-irradiation data by 
investigating previously untested materials of relevance to the nuclear industry, in this case 
compounds with nominal stoichiometry Ln2TiO5, and to thoroughly characterise their 
crystal structures. By defining the symmetry of the ceramics used in this study, the crystal 
structure type can be used to compare categories of space groups with radiation response 
trends.  
 
In several previous studies [14, 19, 23] on A2B2O7 compounds that are structurally similar 
to those studied within this thesis, Ln2TiO5, it was found that those compounds with the 
fluorite-type structure, Fm-3m (space group 225), showed the best response when exposed 
to ion-irradiation. These materials tended to either resist amorphisation regardless of 
fluence or require only a small increase in temperature to maintain their crystallinity. 
Compounds that began as other structure types, but had the ability to transition to the 
fluorite structure also showed improved radiation response. 
 
The initial experimental studies in this thesis look at Ln2TiO5 compounds with 
orthorhombic, Pnma (space group 62), symmetry. Whilst this structure type does not fall 
into the fluorite type associated with good radiation response, previous studies [24, 25] 
suggested improved tolerance from some compounds capable of an orthorhombic to defect-
fluorite structure upon exposure to ion-irradiation. 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 6 
 
Next we look at the ion-irradiation response for the main crystal structure types found 
across the series of Ln2TiO5 compounds. Whilst some compounds with orthorhombic or 
cubic symmetry had been investigated [24-26], this study is the first to look at the response 
of an Ln2TiO5 compound with hexagonal symmetry. 
 
With the discovery that some Ln2TiO5 compounds have the ability to form defect-fluorite 
symmetry [27], and initial ion-irradiation studies indicating good radiation tolerance [26], 
we focussed our ion-irradiation response studies on systems of compounds with cubic 
symmetry. 
 
Much of this research utilises the in-situ ion-irradiation/TEM characterisation technique for 
characterisation of radiation response. Whilst there is evidence to suggest this experimental 
approach gives reasonable correlation with the results attained from the study of natural 
analogues [28], it is not conclusive proof, and so stands only as an initial means of testing 
materials. We sought to collect complimentary radiation response data using an alternative 
approach, bulk specimen irradiation, followed by TEM cross-sectional analysis. The cross-
sectional approach has been used previously to characterise damage depth profiles [29-31].  
Here we further develop this technique, incorporating systematic critical dose of 
amorphisation and critical temperature of crystallinity measurements and use nano-beam 
electron diffraction to determine the amorphous layer depth. By comparing results between 
in-situ and bulk ex-situ experiments, this adds validation to the in-situ approach and 
corresponding conclusions drawn on radiation response. 
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2 Waste-forms 
 
2.1 Nuclear Waste Types 
 
Solid nuclear waste is classified, in the UK, under four categories, with classification based 
predominantly on radioactivity level; very low level waste (VLLW), low level waste 
(LLW), intermediate level waste (ILW) and high level waste (HLW). 
The definitions for each are as follows [32]: 
• VLLW – are wastes deemed safe for disposal with ordinary domestic rubbish, with 
less than 400 kBq beta/gamma activity per 0.1 m3 of material 
• LLW - are wastes containing material with less than 4 GBq alpha or 12 GBq 
beta/gamma (examples include protective clothing, tools and discarded paper from 
controlled area offices) 
• ILW – are wastes exceeding radioactivity levels of LLW but do not require heating 
of material to be taken into consideration (general examples include reactor 
cladding or filters used during reprocessing) 
• HLW – are wastes in which the temperature may rise significantly and have 
radioactivity levels exceeding those of the LLW classification (this generally 
consists of the spent fuel and fission products) 
 
Whilst the UK approach of nuclear waste classification is not universal, the theme of 
classification based on radioactivity levels is based on the International Atomic Energy 
Agency “Classification of Radioactive Waste” [33]. These are the same guidelines used in 
the Australian classification scheme, although Australia only defines three categories, 
LLW, ILW and HLW. 
 
In considering the waste-form containment material, the composition of the waste stream 
must be considered. The waste stream composition will vary considerably depending on the 
spent fuel and if any reprocessing has taken place, the type of chemical reprocessing used, 
and fuel cladding materials used to name a few sources of variation. An example of the 
cation composition of a waste stream is shown in Figure 2.1.1 (taken from [34]). 
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Figure 2.1.1: Cation concentration and co-ordination numbers for the cations within 
reference-simulated nuclear waste PW-4b [33]. 
 
The focus of this thesis is on waste-form host materials designed for the immobilisation and 
encapsulation of high-level wastes. These types of waste predominantly come from spent 
fuel and its associated fission products, the by-products of reprocessing spent fuel or the 
dismantling of nuclear weapons. The waste may start in liquid or solid form, but ultimately 
is processed into a solid either before or during consolidation within a waste-form 
containment material. The two main categories for waste-form host phases are glasses and 
ceramics and these are discussed in greater detail in the following sections. 
 
2.2 Glass Waste-forms 
 
The current practice for immobilisation of HLW in the U.S.A, U.K., France, Belgium, 
India, Japan and Russia utilises the vitrification process, specifically, borosilicate glass [35, 
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36]. Borosilicate glass was selected based on four assumptions: ease of processing (waste 
and glass frit are mixed and melted at relatively low temperatures), that the technology has 
already been demonstrated (vitrified HLW is currently stored in interim storage facilities 
[32]), that the glass is capable of incorporating a wide variety of waste compositions, and 
that the glass is expected to only show a minor response to exposure from alpha-decay 
events.  
 
Phosphate glasses were initially investigated as potential containment materials for 
radioactive waste due to their low glass formation temperatures and high solubilities for 
metal oxides. However further investigations indicated that these glasses have poor 
chemical durability, low thermal stability and are highly corrosive [37]. 
 
The durability of glass waste-forms depends on several factors including glass composition, 
waste loading and composition, radiation induced damage, as well as environmental 
considerations such as temperature, exposure to water and the pH of the water. HLW 
glasses tend to show high leach rates when exposed to acidic solutions, probably due to the 
high loading of alkali oxides within the glass [37]. 
 
Alpha-decay events produce a high energy alpha particle 4.5 – 5.5 MeV and a recoil atom 
with 10 – 100 keV energy. Most of the damage, which takes the form of displaced host 
material atoms, comes from the recoil atom due to the highly localised elastic collisions. 
High energy alpha particles form a relatively long damage track, 10’s of microns, during 
which energy is dissipated via inelastic scattering. This results in small clusters of defects 
forming around the damage track. In borosilicate glass waste-forms this electronic 
excitation has been observed to lead to radiolysis, subsequent decomposition of the glass 
and the production of oxygen bubbles [38]. 
 
2.3 Ceramic Waste-forms 
 
The discovery of naturally-occurring minerals with radioactive elements incorporated into 
their structure that have maintained their structural integrity for geological time periods 
gives validation to using synthetic ceramics as containment matrices for waste-forms. 
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The incorporation of radionuclides into the crystal structure of the host phase has both 
advantages and disadvantages. A crystal structure may only be capable of incorporating 
certain types of elements, meaning a complex mixed waste stream requires multiple 
ceramic phases tailored to deal with the range of elements. High level waste may contain 
239Pu or 235U and immobilisation of these in a waste-form may require the addition of 
neutron absorbers such as Gd and Hf to avoid criticality [39]. Fabrication of ceramic waste-
forms often requires much higher temperatures than glass with melting points often 
exceeding 1500 °C. The use of cold crucible induction melting (CCIM) has been 
investigated as a means of synthesis of ceramic melts for HLW [40, 41]. The CCIM 
approach produces a range of glass, glass-crystalline, and crystalline matrices suitable for 
HLW immobilisation.  
 
A more common fabrication approach involves the mixing of raw materials in either wet or 
dry form, calcination followed by the use of pressure to consolidate and, finally, sintering 
to achieve the solid material. It is necessary to use high temperatures to facilitate solid-state 
reactions between the refractory host phases and waste stream constituents in order to form 
a dense and consolidated waste-form. There are a variety of approaches in which this 
temperature may be reduced; addition of a variety of host phases, choosing precursors 
which produce strong exothermic reactions during the heating process, and/or the use of a 
hot isostatic press (HIP). 
 
As glass waste-forms are the current preferred choice of containment material for 
radioactive waste, the proposal to use ceramic-based materials must be justified. The 
properties of the ceramic waste-form must show improvement relative to glass in one or 
more of the following areas: percentage waste loading, range of element uptake, chemical 
and thermodynamical stability (low radionuclide leaching rate), ability to maintain 
structural integrity upon exposure to radiation (in particular alpha-decay), and ease of 
fabrication. 
 
The benefits of ceramic waste-forms relative to glass are numerous: higher waste-loadings 
with phase specific accommodation of certain elements, higher thermal conductivity (better 
dissipation of heat allows for larger volume waste-forms), and the ability to withstand 
higher temperatures [7]. 
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Depending on the waste stream composition, ceramic-based containment materials may be 
based on single or multiple phase types. Table 2 lists some of the main cation and crystal 
structure types studied as waste-forms. 
 
Studies on ceramic-based waste-forms as alternatives to the use of borosilicate glass date 
back over sixty years. These include initial studies by Hatch in 1953 [42]; the silicate, 
phosphate and oxide based ceramics; supercalcine, developed at the Pennsylvania State 
University by Rustum Roy [34] and Gregory McCarthy  in 1977 [43]; alumina and titania 
based ceramics [44]; and SYNROC (Synthetic Rock), which is titanate based and was 
developed by Ted Ringwood and colleagues (1979 [45]). 
 
The only ceramic waste-form that has been developed to the industrial processing level is 
SYNROC [36], developed in Australia at the Australian National University and ANSTO. 
 
The radioactive waste generated in Australia is classified as intermediate level waste or 
lower. This waste is generated mostly from radiopharmaceutical production, wastes from 
mineral sands processing, operation of ANSTO’s research reactors, and used sources from 
medical, research and industrial equipment [46].  ANSTO is currently (2017) expecting 
complete construction (2019) of a SYNROC processing plant to produce a waste-form 
suitable for the long-term storage of waste generated from molybdenum-99 production. 
This processing involves the mixing of liquid radioactive waste with tailored mineral (rock) 
forming additives, followed by heating the mixture before adding to a sealed metallic 
container. The filled and sealed container is then consolidated using the hot isostatic press 
(HIP). This processing plant will be the first of its kind world-wide to use the ceramic 
waste-form for encapsulation and consolidation of radioactive waste. 
 
There are four primary phases constituting the SYNROC formulations and these include: 
zirconolite (CaZrTi2O7), hollandite (BaAl2Ti6O16), perovskite (CaTiO3) and titanium 
oxides. 
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Table 2: Some of the main ceramic based phases for nuclear waste-forms (Table adapted 
from [38]).  
Crystal 
structure 
Silicates Phosphates Zirconia-based Titania-based 
Apatite-type 
X = O, OH, 
F, Cl, I 
Britholite 
[Ca2Ln8(SiO4)6X2] 
Apatite 
[Ca10(PO4)6X2] 
  
Zircon-type Zircon 
[ZrSiO4] 
Thorite 
[ThSiO4] 
Xenotime 
[YPO4] 
Monazite 
[LnPO4] 
  
Fluorite-
type 
  Cubic zirconia 
[ZrO2-x] 
Baddeleyite 
[ZrO2] 
Pyrochlore 
[Ln2Ti2O7] 
Zirconolite 
[CaZrTi2O7] 
Other Garnet 
[Ca3Al2(SiO4)3] 
NZP 
[NaZr2(PO4)3] 
 Perovskite 
[CaTiO3] 
Hollandite 
[BaAl2Ti6O16] 
*Monazite has a distorted zircon structure. Baddeleyite and zirconolite have monoclinic 
structures. 
 
2.3.1 SYNROC 
 
The polyphase ceramic developed for nuclear waste known as SYNROC (synthetic rock) is 
based on a variety of titanate compounds and can be customised to suit different waste-
streams. Each phase is chosen to incorporate specific ranges of elements: zirconolite 
(actinides and lanthanides), perovskite (Sr, Ba, actinides and lanthanides), hollandite (Cs, 
K, Rb, Ba), pyrochlore (actinides and lanthanides), and TiO2 (small amounts of metallic 
phases). The uptake of lanthanides and actinides is influenced by their ionic radii, Ln and 
Ac with larger radii tend to favour the perovskite and smaller radii the zirconolite phase 
[47]. 
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2.3.1.1 Hollandite 
 
Natural hollandite occurs as BaMn8O16, however the structural isotype suggested for use in 
SYNROC is BaAl2Ti5O16. The hollandite structure has an extensive solid solution allowing 
a wide variety of ion sizes to be incorporated [7]. The basic formulation of hollandite, 
AB8O16, with the A-site able to accommodate the larger mono and / or divalent cations (A: 
Ba, Sr, Na, K, Rb, Cs, Pb) and the B-site smaller tri and / or tetravalent cations (B: Ti, Al, 
Fe, Cr, Sc) [39]. Depending on the cations incorporated into the structure, the average 
symmetry may be either tetragonal or monoclinic. The large tunnels along the c-axis allow 
for the incorporation of large cations.  
 
The stability of the hollandite structure may be estimated based on the ionic radii size by 
using the stability equation proposed by [48], 
𝑡𝑡𝐻𝐻 =  �(𝑅𝑅𝐴𝐴 + 𝑅𝑅0)2 −  12 (𝑅𝑅𝐴𝐴 + 𝑅𝑅0)2 �32 (𝑅𝑅𝐵𝐵 + 𝑅𝑅0)  
 
In this equation RA denotes the A-site cation ionic radii size, RB the B-site cation and R0 the 
oxygen ion. A tH value close to 1 should indicate a more stable structure. 
 
Hollandite is used as a phase within SYNROC predominantly to host Cs but can also 
incorporate other elements within the waste stream such as Sr, K, Rb and Ba.  
 
The large tunnels along the c-axis may indicate a source for easy leaching of cations such 
as Cs, however the inclusion of larger cations such as Ba can hinder the movement of Cs. 
The chemical durability of hollandite has been studied at various pH levels and was found 
to have low leachability of Cs [49]. 
 
2.3.1.2 Perovskite 
 
Perovskite is used primarily as a host for Sr and Ba [39]. Perovskite, with the basic formula 
ABO3, predominantly consists of a divalent A-site cation and tetravalent B-site cation. 
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However, the inclusion of actinides within the perovskite structure usually occurs on the A-
site so a trivalent B-site cation is required to achieve charge balance. 
 
There is a range of crystal phases within the perovskite family with phase type depending 
very heavily on the ratio of cation and anion radii size. The following formula from [50] 
gives an estimate of phase type tolerance values, τ, based on these ionic radii, 
 
𝜏𝜏 =  (𝑅𝑅𝐴𝐴 + 𝑅𝑅0)
√2(𝑅𝑅𝐵𝐵 +  𝑅𝑅0) 
 
In this equation, RA, RB and R0 denote the ionic radii of the A-site cation, B-site cation and 
oxygen ion size respectively. A tolerance, τ, value of 0.89 or less indicates a monoclinic or 
rhombic structure, 0.89 to 1.01 an orthorhombic or tetragonal structure, 1.01 to 1.07 cubic, 
and greater than 1.07, a hexagonal structure. According to Meldrum et al. [29] the ideal 
perovskite structure is cubic, fluorite-like, Fm-3m. For compounds with a tolerance factor 
below 0.9 it is possible to achieve phase transitions with increasing temperature, for 
example; orthorhombic to tetragonal to cubic. 
 
This range of structures means that radiation response across the perovskite series varies 
significantly. The ion-irradiation response study of a range of perovskite compounds 
carried out by Meldrum et al. [29] showed a broad range of responses upon exposure to 
irradiation. The trend of radiation response did not appear to depend significantly on the 
original crystal structure type but it was noted that titanate based perovskites performed 
better than niobate and tantalate compounds. 
 
2.3.1.3 Zirconolite 
 
Zirconolites are capable of high-percentage uptake of actinides and lanthanides and for this 
reason are the major host phase for these in SYNROC-B and SYNROC-C formulations 
[51]. 
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The natural zirconolite mineral has the formula CaZrTi2O7 and can be found with natural 
inclusions of thorium, uranium and cerium among other elements. Some of these naturally-
occurring zirconolites that contain radionuclides have been studied for their radiation 
response. Lumpkin et al. [11] showed that the radiation effects from alpha-decay in natural, 
radionuclide-containing zirconolites caused amorphisation of the originally crystalline 
structure, but this had minimal effect on the geochemistry (the radionuclides were still 
retained within the mineral). Crystallinity could be returned via heating. 
 
The basic formulation for zirconolite, ABC2O7, generally consists of large, medium and 
small cations on the A, B and C – sites respectively. There are a variety of elements that 
may be substituted onto the three cation sites; A-site (lanthanides, Th, U, Mn, and Sr), B-
site (Ti, lanthanides, Hf, Pu and U) and the C-site (Mg, Fe, Nb, Pu, Al, Cr, Mn, Zn, Ta and 
W) [52]. The crystal structure consists of hexagonal tungsten bronze (HTB) type layers. 
There are three polymorphs for the zirconolite series; zirconolite-2M, zirconolite-3T and 
zirconolite-4M, with the structure type depending on the basic structure type, monoclinic or 
tetragonal, and the number of HTB-type layers. 
 
There have been various in-situ ion-irradiation/TEM studies carried out on zirconolites. In 
the ion-irradiation study of six zirconolite compositions by Wang et al. [53], the radiation 
response, i.e. the critical temperature of amorphisation, was shown to vary significantly 
depending on the calcium content of the zirconolite. In a separate study by Wang et al. [54] 
the zirconolite structure was shown to transform upon exposure to either 1.5 MeV Xe, 1 
MeV Kr or 0.6 MeV Ar ions, from zirconolite to pyrochlore to fluorite to amorphous. 
However these phase transformations were observed via the TEM where dynamical 
scattering of electrons makes deconvolution of different phases within the diffraction 
pattern difficult. The x-ray diffraction approach is considered the more reliable method for 
detecting phase changes with exposure to ion-irradiation. Strachan et al. [52] did not detect 
any phase changes with their study on zirconolite exposed to radiation conditions. 
 
Despite various zirconolite formulations having been shown to be susceptible to radiation-
induced amorphisation, the amorphisation seems to have little effect on the chemical 
durability (minimal leaching of radionuclides) [55]. Bubble formation and swelling has 
been observed upon doping with plutonium and subsequent alpha-decay [52]. However the 
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zirconolite samples remained intact with no micro-cracking observed and minimal 
dissolution of the plutonium into leaching solutions (at various pH values, down to 2). 
2.3.1.4 Pyrochlore 
 
Whilst the zirconolite crystal structures are described as either monoclinic or tetragonal, it 
has been shown that progressive replacement of zirconium with uranium in zirconolite 
results in a transition to the pyrochlore phase [56]. In Figure 2.3.1.4.1 the three structures of 
zirconolite, pyrochlore and fluorite are compared.  
 
The natural mineral pyrochlore, (NaCa)(NbTa)O6F, has many isostructural compounds of 
the general formula A2B2O7. There are a variety of combinations of valencies for cation 
species on the A-site valence of +1 to +6 and B-site +3 to +6 [6], provided charge 
neutrality is maintained. However the majority of known studied pyrochlores consist of the 
combination of A3+ and B4+ cations. The lanthanides and actinides predominantly occupy 
the A-site whilst a range of transition metal or group IV elements can be placed onto the B-
site. For the A3+ and B4+ cations, the relative cationic radius ratio (RR) tends to govern the 
stability for these oxide pyrochlores. In this case RR values between 1.46 and 1.80 should 
produce stable pyrochlores when synthesised under atmospheric pressure [57]. 
 
The pyrochlore structure consists of face centred cubic, Fd-3m, symmetry which is 
sometimes described as a 2 x 2 x 2 fluorite superstructure. In pyrochlore, the 8a positions 
are vacant and to compensate there is a relaxing of the 48f oxygen position resulting in an 
anion fluorite superstructure [57]. The cations are ordered in chains, with A and B-site 
cations separated by (½ ½ ½) again resulting in a fluorite superstructure [26]. The 
pyrochlore has only one variable positional parameter, the oxygen x48f positional parameter. 
This parameter tends to vary in value, ranging from 0.375 to 0.4375,[58] and affects the 
general shape of the two types of cation polyhedra; the A-site scalenohedra (distorted cube) 
and B-site octahedra (more correctly described as trigonal antiprisms due to their distortion 
from the ideal octahedra). 
 
Because natural pyrochlores contain thorium and uranium contents up to 30 weight percent 
[58], they show good potential for use as matrix host materials for high level waste-forms. 
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These natural pyrochlore minerals show susceptibility to alpha-decay induced 
amorphisation. However, the retention of uranium and thorium within the matrix indicates  
 
Figure 2.3.1.4.1: The zirconolite, pyrochlore and fluorite crystal structure series.  (a) shows 
zirconolite viewed down zone axis [0 1 0], slightly offset, showing TiO6 octahedra and 
TiO4 tetrahedra layers (blue polyhedra) with alternating cation Ca (CN 8) and Zr (CN 7) 
(yellow and green balls respectively) layers. (c) zirconolite down zone axis [1 0 3] showing 
hexagonal and triangular channels (TiO4 tetrahedra not shown instead Ti is represented 
with blue balls). (b) shows one eighth of pyrochlore unit cell with A-site cations (green 
balls), B-site (titanium cations, blue), oxygens (red) and oxygen vacancy (red square). (e) 
shows a Ln2Ti2O7 pyrochlore viewed down zone axis [0 1 1] showing TiO6 corner sharing 
octahedra arranged to form hexagonal and triangular channels with lanthanides (CN 8) 
positions shown with green balls (compare with zirconolite in (c)).  (d) shows the ideal 
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fluorite structure with disordering on cation sites (yellow balls) compared with ordered site 
locations for pyrochlore (refer to (b)) and anion positions shown with blue balls. 
good durability and minimal leachability over geological timescales: two desirable 
properties for a waste-form. 
 
The potential of pyrochlore for use in high-level waste-forms is reflected by the numerous 
in-situ ion-irradiation studies carried out on this structural group [12-14, 19, 23, 26, 54, 59-
65]. In studies by Lumpkin et al. [19, 23] the radiation response, based on critical 
temperature of amorphisation, for a range of compounds with the formula A2B2O7 were 
studied. Correlations between radiation response and cation ionic radii ratios, structure and 
local bonding were found. It was noted that radiation response improved as the structure 
moved from pyrochlore to fluorite. 
 
2.3.1.5 Fluorite 
 
The natural fluorite mineral, CaF2, has the high symmetry space group Fm-3m. The general 
formula, AO2, may contain a mixture of cations on the A-site, randomly distributed, so long 
as valence neutrality is maintained. It is possible to form defect fluorite with oxygen 
deficiencies such as with the Ln2TiO5 compounds where (Ln2Ti)O5 has 16% oxygen 
vacancy relative to the ideal AO2 stoichiometry. 
 
There have been several studies on the pyrochlore to fluorite structural transition of solid 
solution systems [66-68]. Both fluorite and the related fluorite superstructure pyrochlore 
have received interest as potential waste-form host matrices due to their ability to 
incorporate into their structure large percentages of radionuclides and their tolerance to 
exposure to high energy irradiation [4, 69]. In particular, it has been shown experimentally 
that the fluorite structure tends to perform better than the pyrochlore when exposed to high 
energy particles [19, 70] 
 
Stability fields have been proposed for the A2B2O7 system based on the ionic radius ratio of 
the cations on the A and B-sites (rA/rB) [70]. Values for (rA/rB) > 1.78 give a monoclinic 
perovskite structure-type, a range of 1.46 to 1.78 tend to produce the pyrochlore structure, 
and < 1.46 a defect fluorite structure. However structural transitions from pyrochlore to 
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fluorite may be achieved by temperature [71], pressure [72] or exposure to ion-irradiation 
[73]. 
 
Some compounds with nuclear relevance such as HfO2, ThO2, UO2 and PuO2 all form in 
the fluorite structure. This is significant as any host containment material with multiple 
phases ideally needs to respond to radiation exposure in a similar manner, e.g. swelling, to 
minimise introducing extra stresses and strains into the structure. This can be achieved by 
using a host phase that has the same, fluorite, structure. 
 
Sickafus et al. [61] looked at the order-to-disorder transition in two families of compounds; 
the A2B2O7 pyrochlore and A4B3O12 cation-deficient perovskite, where a transition from 
the original structure to a defect fluorite could be achieved either via heating or exposure to 
irradiation. It was proposed that radiation damage introduces disorder and so structures, 
such as fluorite, where disorder is inherent should have greater radiation tolerance. This 
was justified using phase diagrams where transition temperatures and the size of stability 
fields for fluorite were lowest and largest respectively also gave the best radiation response. 
 
Other studies have also looked at the order-disorder transition with an emphasis on the 
energy of defect formation required for a transition from the pyrochlore to defect fluorite 
structure [74]. This involves the formation of both cation anti-site defects on the cation sub-
lattice and anion Frenkel defects on the anion sub-lattice. The pyrochlore structures more 
energetically pre-disposed to a fluorite transition, based on defect energy calculations, were 
also shown to have the greater tolerance to radiation damage [75]. 
 
2.3.2 The Ln2TiO5 (Ln = lanthanides and yttrium) System 
 
The Ln2TiO5 system of compounds consists of four main structure types; orthorhombic 
(space group Pnma), hexagonal (space group P63/mmc), cubic pyrochlore-like (space 
group Fd-3m) and cubic fluorite-like (space group Fm-3m). The symmetry is largely 
dependent on the lanthanide radius and sintering temperature, as described by Shepelev and 
Petrova in their temperature stability diagram [76].. 
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The structure types within the Ln2TiO5 system have similarities with many of the proposed 
phases within SYNROC. The perovskite also has the polymorphs orthorhombic, hexagonal 
and cubic with the structure depending strongly on the cation radii. Whilst zirconolite tends 
to favour either the tetragonal or monoclinic crystal system, it is similar in structure to both 
pyrochlore and fluorite and will form these structures with doping of uranium in place of 
zirconium [77]. With the use of smaller lanthanides, radius of terbium or smaller, Ln2TiO5 
compounds can be found in the cubic pyrochlore and fluorite-like structures [78]. 
 
The Ln2TiO5 compounds with cubic, defect fluorite-type structures have an inherently high 
level of disorder; the cations are forced to occupy mixed cation lattice sites due to the 
uneven cation ratios, and the oxygen anions have an even greater oxygen vacancy relative 
to the pyrochlores. An improvement in radiation response, lowering of critical temperature 
required to maintain crystallinity, was observed for compounds of Ln2TiO5 stoichiometry 
when compared with pyrochlores Ln2Ti2O7 [26]. This improvement in ion-irradiation 
response was attributed to the greater disorder inherent in the original Ln2TiO5 compounds, 
allowing greater damage-related accommodation of disorder and easier defect fluorite 
formation. 
 
Interest in the Ln2TiO5 system of compounds for nuclear application has predominantly 
been focussed on the use of lanthanides with large thermal neutron absorption cross-
sections [79]. These absorber materials are currently used as burnable poisons within some 
Russian power water reactors (VVER-1000 and MIR) [80]. A burnable poison absorbs 
excess reactivity at the beginning of a reactor fuel cycle, allowing increased fuel burn-up 
and longer time periods between spent fuel exchange. The Dy2TiO5 compound, in fluorite 
form, has responded well to irradiation exposure. The discovery, by this author, of the 
secondary phases consisting of stoichiometric Ln2TiO5, found whilst trying to fabricate 
single phase pyrochlores for waste form studies led to an interest in further waste-form-
related studies of the Ln2TiO5 compounds [26, 81-83]. 
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3 Simulation of Radiation Damage Accumulation 
3.1 Introduction 
 
In considering the design of a waste-form, the half-lives of the elements and radionuclides 
within the waste stream must be taken into account. Short-lived isotopes such as 90Sr and 
137Cs may be separated out for shorter-term storage, whilst longer-lived isotopes such as 
235U, 238U, 99Tc or 239Pu require a containment material able to maintain its integrity over 
geological time periods. 
 
The range of elements and radionuclides present from reprocessing high level waste 
(HLW) can, according to Stefanovsky et al. [9] and Lumpkin et al. [8], be classified into 
four major groups: 
1. fission products: Sr, Y, Mo, Tc, Ru, Rh, Pd, Ag, Te, I, Cs and many rare earth 
elements 
2. corrosion products: Al, Si, Fe, Zr, Mo and their activation products 51Cr, 54Mn, 59Fe, 
58Co, 60Co, 122Sb and 124Sb 
3. fuel components and transmutation products: U, Np, Pu, Am and Cm 
4. processing contaminants: F, Na, Mg, S, Cl, K, Ca and Fe. 
This list is not exhaustive, but is illustrative of the sheer range of different elements present 
within waste streams. 
 
The selection criteria for containment materials, as outlined in chapter 1, includes the 
following desired properties; good aqueous and chemical durability, high waste-loading, 
good radiation tolerance and minimal volume swelling. These physical, chemical and 
mechanical properties should not alter significantly for the duration of the long-term 
storage.  
 
Of these selection criteria, radiation tolerance is of significance due to its influence on most 
of the other criteria. The accumulation of radiation damage may result in structural 
changes, either polymorphism or a metamict state (amorphisation). This change in crystal 
structure may lead to alteration of the volume, changes to chemical and aqueous durability, 
loss of elements and radionuclides from the lattice framework, and structural failure of the 
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containment material. It has been estimated that the accumulated radiation dose of a waste-
form after 10,000 years will cause the equivalent of 0.5 displacements per lattice atom [36]. 
 
It is for these reasons that testing candidate HLW containment materials for radiation 
response is an important process for validation. 
 
3.2 Natural Analogues 
 
As early as 1890 it was noted that damaged minerals, originally crystalline, had 
transitioned, over time, to an amorphous state. W.C. Brøgger coined the term “metamikt” 
to describe these amorphous materials [84]. At that time, radioactivity had not been 
discovered (it was not discovered until 1896) but it is now understood that these metamict 
materials had transitioned from crystalline to amorphous due to radiation-induced damage 
accumulation. 
 
This particular radiation-induced damage is a consequence of the process of fission. The 
major source of fission-related damage within natural minerals containing radionuclides is 
alpha-decay. Alpha decay produces a high energy alpha particle, 4 to 6 MeV, and a lower 
energy recoil nucleus, approximately 100 keV. The majority of the damage, as displaced 
lattice atoms, comes from interaction with the low energy, large mass recoil nucleus.  
 
Depending on the radionuclide loading and the geological age of the mineral, a certain 
fluence of alpha-decays will have accrued. This will lead to an accumulation of displaced 
lattice atoms from within the original crystal structure. The number of displaced atoms will 
depend on the accumulated alpha-decay dose, the energy required to displace lattice atoms 
from their positions, and the density and atomic packing fraction of the mineral (both 
dependent on crystallography). 
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Table 3: Examples of natural Th-U analogue deposits, their mineralogy and general 
chemical composition (adapted from Lumpkin et al., 2014 [7]). 
Type of Deposit 
 
Th-U 
Mineralogy 
General Chemical 
Composition 
Elemental Composition 
 
 
 
Granites 
Apatite,  
 
 
monazite,  
zircon, 
 thorite, 
titanate,  
allanite,  
xenotime 
A5(PO4)3Y 
 
 
APO4 
ZrSiO4 
(Th,U)SiO4 
TiO2 
A2(Al,Fe)3(SiO4)3(OH) 
APO4 
A = Ca, Ln, An, Pb, Na, Sr 
Y = F, Cl, OH 
 
A = Ln, An 
 
 
 
A = Y, Ce, Ca 
A = Ln, An 
 
Felsic volcanic 
rocks 
 
Pyrochlore, 
  
 
 
thorite 
A2B2X6Y 
 
 
 
(Th,U)SiO4 
A = Ln, An, Na, Ca, Y 
B = Ti, Zr, Hf, Nb, Ta, Sn, W 
X and Y = O, OH, F 
 
Nepheline 
syenites 
 
Pyrochlore,  
 
perovskite,  
 
zirconolite 
A2B2X6Y 
 
ABO3 
 
CaZrTi2O7 
 
 
A = Ca, Ce, Na 
B = Ti, Fe 
 
Hydrothermal 
veins 
 
 
Pyrochlore, 
zirconolite 
 
A2B2X6Y 
CaZrTi2O7 
 
 
Contact 
metamorphic 
rocks 
 
 
Zirconolite, 
perovskite,  
titanate 
 
CaZrTi2O7 
CaTiO3 
TiO2 
 
 
Lunar rocks 
 
 
Zirconolite,  
zircon,  
baddeleyite 
 
 
CaZrTi2O7 
ZrSiO4 
ZrO2 
 
 
Chondritic 
meteorites 
 
 
Perovskite 
 
CaTiO3 
 
 
 
 
Natural analogues containing either uranium or thorium are of particular interest for 
radiation response studies. Table 3 above (as adapted from Lumpkin et al. [8]) outlines 
some examples of natural Th-U analogue deposits, their mineralogy and chemical 
compositions. 
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The study of radiation response of Th-U analogues includes determination of the mineral 
age, measured via U-Pb isotope ratios, and calculation of alpha-decay events. The 
calculation of alpha-decay events from fission of 238U, 235U and 232Th can be based on the 
following equation from [8] Lumpkin et al. 2014;  
 
D = 8N238(eλ238t – 1) + 7N235(eλ235t – 1) + 6N232(eλ232t – 1) 
 
In this equation N represents the present day concentration of the parent isotope, t is the 
geological age and λ is the decay constant. 
 
The radiation response can be characterised by studying the composition, geological age, 
accumulated alpha-decay dose and crystal structure. Another factor that needs to be 
considered in these studies is the host phase recovery of crystallinity from the radiation-
induced damage. It has been shown that the effective dose required for amorphisation, i.e. 
the critical dose of amorphisation Dc, of some natural analogues changes over geological 
time periods. This was shown to occur in natural pyrochlores (Lumpkin et al. 1994 [10]) 
with the Dc increasing with time. This change in Dc was associated with geochemical 
alteration of the minerals due to long term exposure to alpha-decay, water, pressure, and 
elevated temperature allowing cation exchange to occur. 
 
The study of the radiation response of natural analogues lends validation to the use of 
similar, synthetically fabricated ceramic host phases for the consolidation and long-term 
safe storage of HLW. Limitations of the natural analogue approach include the limited 
range and access to samples and uncertainty in the mineral history. This makes application-
focussed studies on potential HLW host phases difficult to carry out.  
 
3.3 Doping Synthetic Materials with Active Isotopes 
 
Doping synthetic materials with radionuclides gives greater control of the experimental 
conditions than is possible with the natural analogue approach. To achieve measurable 
results within a reasonable time, the samples need to be doped with high levels of short-
lived radionuclides, such as 244Cm, which has a half-life of 18.1 years.  
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The ability to fabricate materials allows experiments to be tailored for either comparison to 
natural analogues or testing of new design waste-form phases. Doping of synthetic 
materials also allows results to be collected during the radiation process, which means 
damage effects over time and dose accumulation can be monitored. Weber et al. [85] 
monitored 244Cm doped Gd2Ti2O7 and CaZrTi2O7 samples for volume swelling (increased 
by 5 to 6 %), hardness changes (decreased), amorphisation (amorphous at approximately 
2.0 x 1025 alpha decays / m3), and dissolution of key elements within water (Pu leached 
from amorphous material), and then tested their thermal recovery (crystal structure 
recovered at 600 to 750 °C).  
 
One of the complications of using this approach is that these samples require the 
enforcement of rigorous safety regulations and specialised equipment to ensure safety 
during handling and subsequent storage. 
 
3.4 Exposure to Neutrons within a Nuclear Reactor 
 
The study of a material’s response to neutron irradiation exposure is of particular relevance 
for those materials proposed for nuclear reactor applications. Although the neutron mass is 
less than that of an alpha particle and much less than a recoil nuclei, it is still capable of 
atomic lattice displacement and creating damage cascades. For waste-form related studies 
neutron absorption within certain lattice elements and subsequent fission can lead to 
significant local damage. 
 
Neutron irradiation studies were used to simulate radiation damage accumulation in 
SYNROC waste-forms under long-term storage conditions. [86, 87] The exposure of the 
test materials to high neutron flux meant that lattice atomic displacements equivalent to 
long-term high level waste storage (104 to 106 years) could be achieved in a relatively short 
period. 
 
An alternative neutron irradiation approach was used by Malow and Andersen [88] to 
simulate radiation damage within wasteforms. In this study zinc-borosilicate glass was 
doped with boron. Due to its large neutron cross-section, exposing 10B to neutrons resulted 
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in neutron capture and a subsequent alpha-decay event creating helium concentrated zones 
and regions of high atomic displacements. 
 
It should be noted that, within waste-forms, the rate of fission events involving neutron 
capture and subsequent alpha-decay is low enough to be considered insignificant relative to 
other radiation sources. The chief sources of radiation damage from HLW consist of alpha 
and beta-decay and the recoil nucleus. Most of the damage in displaced lattice atoms comes 
from the recoil nucleus. 
 
3.5 Ion-irradiation: Introduction 
 
Exposure of a crystalline material to accelerated ions causes displacement of lattice atoms 
from their local positions and results in at least temporary alteration of the structure. The 
sustained local damage and further accumulation of ion-irradiation damage will lead to 
structural changes, either re-crystallisation of the original structure, formation of 
polymorphs or amorphisation. These structural changes will affect the material properties. 
In the study of candidate waste-form materials, the transition from the crystalline to 
amorphous state upon exposure to irradiation is of significance due to the potential 
detrimental effects on the material properties such as volume expansion, embrittlement and 
crack formation.  
 
The ultimate goal of a containment material is to immobilize radioactive isotopes on 
geological timescales (104 to 106 years) providing an effective barrier from exposure to the 
environment. Any alteration to the host phase, such as amorphisation, may seriously affect 
the effectiveness of this material in fulfilling its role.  
 
An alpha-decay event, releasing an alpha particle and producing a recoil nucleus, causes 
significant local damage with large numbers of displaced lattice atoms. For several decades 
ion-irradiation has been used as a simulant of atom displacement from alpha-decay events 
[6, 12, 29, 53, 89]. 
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Experimental results on resistance to amorphisation upon ion irradiation give a diverse 
range of responses, which are material and condition dependent. Some materials amorphise 
readily upon exposure to a modest ion-irradiation dose, whilst others remain crystalline 
regardless of their fluence or environment [22].  
 
3.5.1 In-situ Ion-Irradiation/TEM Characterisation; Method 
and Facilities 
 
By combining the nanoscale material characterisation capabilities of a transmission 
electron microscope with in-situ ion-irradiation, it is possible to directly observe the effects 
of high-energy particle bombardment on a test material from the micro to the nanoscale. 
This is a unique capability allowing short and long range structural changes to be 
monitored, along with a variety of other defects (cavities, damage cascade regions), plus 
chemical analysis (e.g. diffusion, ion distribution). One of the primary research areas 
employing the TEM in-situ ion-irradiation technique is the development of materials for the 
nuclear industry [12, 28]. 
 
Since the first interfacing of an ion-beam system with a TEM around fifty years ago there 
have been about thirty facilities world-wide with this capability in operation [90]. A list of 
current operational TEM in-situ ion-irradiation facilities is shown in Table 4 (sourced and 
adapted from Hinks) [90]. 
 
In selecting the appropriate TEM for coupling with ion-beams, the general selection criteria 
used is not dissimilar from that used for normal stand-alone TEM work, for example 
resolution capability. However the selection process is complicated by the geometry and 
electric and magnetic field aspects of allowing the ion-beam physical access to the TEM 
specimen in-situ. 
 
The approach used at the IVEM tandem facility (Argonne National Laboratories) involves 
modification of the upper pole piece of the objective lens. This has the advantage of giving 
smaller angles between the electron and ion beams incident on the specimen but comes at 
the cost of reduced performance of the TEM optics. The IVEM tandem facility is used for 
all in-situ experiments carried out within this thesis. 
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Table 4: TEMs coupled with in-situ ion-irradiation currently operational (2016). (Adapted 
from Hinks [89].) 
Facility TEM keV Ion source(s) Angle Analysis Refs. 
Kyushu University, 
Japan 
JEOL JEM-
2000EX 
200  0.1-10 keV 20°  [91] 
JAEA Takasaki, Japan JEOL JEM-
4000FX 
400  2-40 keV and 
20-400 keV 
30° EDS, 
EELS 
[92] 
JAEA Tokai-mura, 
Japan 
JEOL JEM-
2000F 
200  40 keV 30° EELS [93] 
NIMS Tsukuba, Japan JEOL JEM-
200CX 
200  5-25 keV FIB 35° EDS [94] 
NIMS Tsukuba, Japan JEOL JEM-
ARM1000 
1000  30 keV and 200 
keV 
45° EDS, GIF [95] 
Hokkaido University, 
Japan 
JEOL JEM-
ARM1300 
1300  20-300 keV and 
20-400 keV 
44°  [90] 
Shimane University, 
Japan 
JEOL JEM- 
2010 
200  1-20 keV 17°  [96] 
IVEM at ANL, USA Hitachi H-
9000NAR 
300  650 keV or     2 
MeV 
30°  [97] 
JANNuS at CSNSM, 
France 
FEI Techai-
200 
200  190 keV and  2 
MeV 
68° EDS, GIF [98] 
Wuhan University, 
China 
Hitachi H-
800 
200  200 keV and 3.4 
MeV 
90°  [99] 
University of 
Huddersfield, UK 
JEOL JEM-
2000FX 
200  1-100 keV 25°   
I3TEM at Sandia 
National Labs, USA 
JEOL 
2100HT 
200  10 keV and    6 
MeV 
90°  [100] 
 
The intermediate voltage electron microscope (IVEM) is a 300 keV Hitachi H-9000NAR 
[101]. This microscope is interfaced with a Danfysic 650 keV ion accelerator. The 
accelerator is capable of accelerating positive ions allowing noble gases such as krypton 
and xenon to be used. The ion beam is at 30° to the electron beam so tilting the specimen 
15°, half way between the two beams, should introduce minimal potential for shadowing 
effects or specimen thickness issues associated with too much tilt. The ion flux is 
monitored during specimen irradiation via a quadrant detector, electrically biased to 
suppress secondary electrons. [101] 
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The radiation tolerance measurements used in this thesis were designed to determine the 
critical fluence of ions required for the transition of the test specimen from crystalline to 
amorphous. This critical fluence, referred to as the critical dose of amorphisation (Dc), is 
measured by collecting selected area diffraction patterns of single, electron transparent, 
grains after iterative dose steps. The grain is determined to be amorphous when its 
diffraction pattern no longer consists of Bragg maxima (diffraction spots) and is left with 
only diffuse rings representative of the amorphous fraction. Variations in the determined Dc 
quantity may occur for several reasons: crystal orientation causing channelling of the ions, 
inhomogeneous damage depth profiles mean differences in thickness of grains results in 
variation of accumulated damage, poor contact between the grain and the TEM specimen 
holding film leading to temperature variation, or shadowing effects. To improve confidence 
in the determined Dc quantities multiple grains, usually five, are monitored for each 
measurement. 
  
3.5.2 Ion Mass, Ion Energy, Flux and Temperature Influence on 
Damage Accumulation and Recovery 
 
The focus of this thesis is on ion-irradiation response of complex ceramic oxides, 
particularly the irradiation-induced phase transition from the crystalline to amorphous state. 
This phase transition occurs via the culmination of damage accumulation. There are several 
approaches used to describe this damage accumulation: defect accumulation, interface 
control, cascade overlap, direct impact and combinations of these models [102]. Defect 
accumulation is affected by both the material characteristics and the irradiating ions. 
 
Ion mass, energy and flux all influence the accumulation of damage and the recovery of 
crystallinity within damaged zones. The ion mass and energy influence the type of ion-
matrix interaction. Lighter mass and/or higher energy tend to generate greater electronic 
excitation and result in inelastic scattering. Whilst heavier ions and/or lower energy results 
in greater ballistic processes and result in elastic scattering. These differences in scattering 
processes lead to differences in the types of defects that form and the density of damage 
within the affected zone. The rate of energy dissipation between the irradiating ion and 
damage region is also determined by the dominating scattering process.  
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Two of the damage accumulation models: defect accumulation and direct-impact, were 
developed by Gibbons [103]. The direct-impact model is used to represent heavy-ion 
irradiation where direct amorphisation occurs within the damage cascade. For lighter ion 
irradiation, defect accumulation was assumed to be the dominant mechanism for 
amorphous fraction accumulation. In the defect accumulation model, defects accumulate 
more homogeneously throughout the material until the local density of defects reaches a 
critical threshold level and amorphisation occurs. 
 
An in-situ study of irradiation resistance of CuTi by Koike et al. [104] found that radiation 
response improved as the mass of the particles used to irradiate the surface is lowered. The 
critical temperature of amorphisation lowered and critical dose of amorphisation increased, 
from 1 MeV Kr or Xe ions to Ne ions to 1 MeV electron beam. The Gibbon’s direct-impact 
model [103] was used to analyse the data and showed that the heavier Kr ion produced 
amorphisation in single ion tracks whilst Ne required multiple ion tracks to overlap before 
amorphisation was achieved. 
 
In the few keV to the few MeV ion energy range, ballistic processes tend to dominate ion-
lattice atom scattering. This results in direct displacement of atoms from their lattice 
positions. For swift heavy ions, 100 MeV and above, electronic excitation dominates the 
scattering process [105]. The electronic scattering creates a local unstable region of ionized 
atoms and high temperature, resulting in a local melt zone. The heat within this zone 
quickly dissipates creating either, an amorphous phase, a part crystalline - part amorphous 
region or a completely recrystallised zone. The outcome depends on the rate of energy 
dissipation and the mobility of atoms. This quick energy dissipation is referred to as 
cascade quenching and often results in an amorphous core and recrystallised shell [106]. 
Recrystallisation of the shell is facilitated by epitaxial growth from the bulk crystalline 
material inward towards the amorphous core. In the Morehead and Crowder defect out-
diffusion model [107], it is assumed that each ion produces a cylindrical damage volume. 
The amorphous radius decreases with an increase in ion dissipation energy (resulting in a 
local temperature increase) due to diffusion-enhanced defect recombination and annealing 
from the outer perimeter of the damage zone inwards. 
 
The dose rate, or flux, can cause variation in the test materials’ radiation response. It was 
shown that, by irradiating 600 keV Si ions into InP specimens at a variety of dose rates, a 
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decrease in Tc (improved response) with a decrease in flux was observed [108]. This Tc 
variation may be explained via the empirical formula described by Wendler et al. [109] 
 
𝑇𝑇𝑐𝑐 =    𝐴𝐴
𝐵𝐵 −  ln ��𝑁𝑁𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑∗ �2𝑗𝑗� 
 
In this equation both A and B are material dependant, whilst N*displ is displacements / (ion 
Å) and j represents the flux (ions / cm2 s). From this, the number of displacements per 
irradiating ion and the rate of ion-target interaction affect the Tc in that their combined 
increase results in an increase in the Tc value. The actual physical explanation for this is 
much more complex, depending on rate of defect accumulation versus crystal structure 
recovery. This strongly relates to the mobility of the defects within the damaged zone, 
which is influenced by the local energy (temperature). 
 
The rate of recrystallisation of the damage cascade or sub-cascade zones is dependent on 
two major energy sources for mobilising defects: externally supplied energy (heating of the 
sample) and energy dissipation from inelastic scattering. These two energy sources are 
described via the recrystallisation efficiency equation as proposed by Wang et al. [110]; 
 
𝑅𝑅 =  𝑅𝑅01 exp�−𝐸𝐸1 𝑘𝑘𝑇𝑇� � +  𝑅𝑅02(1 𝐽𝐽� ) exp�−𝐸𝐸2 𝑘𝑘𝑇𝑇� � 
 
Here the recrystallisation efficiency, R, has a maximum boundary value of 1, at or above 
the critical temperature of amorphisation Tc. The first part of the above equation describes 
dynamic annealing, which is time independent and driven by the external heating supplied 
to the system. E1 and E2 refer to the activation energies for mobilising defects, assisting in 
dynamic annealing and radiation induced epitaxial annealing respectively. k represents the 
Boltzman constant and T is temperature. The second part of the above equation relates to 
the crystallisation efficiency for radiation-induced epitaxial annealing where the dose rate, 
J, is included. 
 
The extent of recrystallisation is dependent on temperature, ion mass, ion energy, flux and 
the material properties. This efficiency of recrystallisation affects the rate of damage 
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accumulation and so the fluence of irradiating ions required to facilitate the phase transition 
from crystalline to amorphous. 
 
3.5.3 1 MeV Kr2+ Ion-Irradiation Study Review 
 
The radiation response of a target material will be influenced by the incident ion species, 
ion energy and target temperature, among many other factors already discussed earlier in 
this chapter. Here the experimental results of a variety of materials, exposed to 1 MeV 
krypton ions in an in-situ TEM approach, are reviewed. By considering only a single 
irradiating ion and ion energy, major sources of experimental variability can be avoided. 
 
The reviewed materials are listed in table 5 from most radiation tolerant, i.e. lowest critical 
temperature of amorphisation (Tc), to least tolerant. In the following discussion the ion-
irradiation exposure responses are correlated with several theories linking radiation 
tolerance with material characteristics and properties. 
 
Even with the same experimental approach and conditions for the same compound, it is still 
possible to find variation in Tc results between different research groups (e.g. Yb2Ti2O7 Tc 
594 K [26, 111] versus 611 K [64] or Gd2Ti2O7 1120 K [64, 73] versus 1226 K [23]). This 
variation in results can be attributed to a range of sources of including; specimen thickness, 
specimen orientation relative to the incident ions, specimen preparation (ion polished or 
crushed grain), the number of data points collected for calculation of Tc, the temperature 
range of data points, and the number of grains monitored during irradiation. This list is not 
exhaustive but is indicative of the range of aspects that need to be considered when 
carrying out experimentation and subsequent calculations. In the two examples given 
above, variation in Yb2Ti2O7 Tc values are well within calculation error, however, the much 
greater variation found in Gd2Ti2O7 values may be indicative of data not being collected to 
a high enough temperature and resulting in an unrealistically high calculated value (for the 
greater of the two values). It should also be noted that the value attained for Gd2Ti2O7 of 
1226 K ± 123 K is still within calculation error, which is very high. The Tc values are 
calculated from a fit to the Dc versus temperature data. The goodness of fit depends on the 
number of data points and also strongly depends on the highest temperature data point. 
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Table 5: Compounds exposed to 1 MeV Kr2+ ions at various temperatures to a dose 
sufficient for amorphisation listed from most radiation tolerant to least. The calculated 
critical temperature of amorphisation is shown for each compound  
Compound Tc (K) Reference Compound Tc (K) Reference 
Gd2Ti0.5Zr1.5O7 <20 [73] Nd2Ti0.8Zr1.2O7 685 [112] 
Gd2Zr2O7 <20 [73] Nd2Sn2O7 700 [113] 
Er2Sn2O7 <25 [113] NaCaNb2O6F 730 [23] 
Y2Sn2O7 <25 [113] Y2Ti2O7 780 [64, 65, 112, 
114] 
(La0.23Ce0.46Pr0.22Nd0.72Sm0.16Eu
0.10Gd0.07U0.04)Zr2.00O7.02 
<50 [89] (La0.33Ce0.46Pr0.19Nd0.65Sm0.10Eu
0.02Gd0.02Y0.10)(Zr0.06Ti1.94)O6.82 
800 [89] 
TiO2 (rutile) <50 [115] Er2Ti2O7 804 [64] 
SnO2 natural (cassiterite) <50 [115] Ca1.44Gd0.98Th0.53Zr1.06Fe3.92O12 820 [116] 
Y2Ti0.4Sn1.6O7 <50 [112] Ca2.37Th0.56Zr2.03Fe2.96O12 820 [116] 
Ti3AlC2 <50 [117] Ca2.40Ce0.60Zr2.08Fe3.03O12 820 [116] 
Ti3SiC2 <50 [117] La2Ti2O7 835 [23] 
La2O3 <50 [82] La2Ti2O7 840 [81, 111] 
Nd2Zr2O7 135 [112] Ho2Ti2O7 850 [64] 
TiO2_natural (brookite) 168 [115] Ca2.7U0.3Zr1.7Al1.1Fe2.2O12 850 [116] 
TiO2_natural (rutile) 209 [115] La2/3TiO3 852 [111] 
TiO2_natural (anatase) 242 [115] La2/3TiO3 865 [81, 118] 
Y2Ti0.8Sn1.2O7 251 [112] Ca1.50Gd1.03Ce0.53Zr1.21Fe3.82O12 870 [116] 
La0.2Sr0.7TiO3 275 [118] Ca3.78La0.95Ce1.45Zr0.78Fe0.14Nd2.
15Eu0.50Si6.02O26 
880 [116] 
La0.1Sr0.85TiO3 308 [118] NaCaTa2O6F 880 [23] 
Y2Ti1.2Sn0.8O7 335 [112] Ca0.8Ce0.2ZrTi1.8Al0.2O7 900 [53] 
La2Zr2O7 339 [13, 114] (La0.26Ce0.47Pr0.17Nd0.71Sm0.14Eu
0.04Gd0.03Y0.12)Ti2.00O6.92 
900 [89] 
Gd2Sn2O7 350 [113] Dy2Ti2O7 910 [64] 
La0.3Sr0.55TiO3 379 [118] Ca3.05Ce2.38Fe0.25Gd5.37Si4.88O26 910 [116] 
SrTiO3 394 [118] Nd2Ti2O7 918 [23] 
La0.4Sr0.4TiO3 436 [118] Ca2.70U0.51Zr0.90Mn1.16Ti6.69Fe0.5
1Al0.51O21.59 (5-C) 
930 [116] 
Yb2TiO5 456 [111] La2Sn2O7 960 [113] 
Yb2TiO5 457 [26] Tb2Ti2O7 970 [64] 
YbYTiO5 467 [26] Gd2TiO5 973 [25] 
La1.6Y0.4Hf2O7 473 [112] Gd2Ti1.5Zr0.5O7 973 [73] 
Gd2TiZrO7 475 [73] Ca0.85Ce0.5Zr0.65Ti2O7 1000 [53] 
Lu2Ti2O7 480 [64, 73] (Gd0.95Ca0.5)2Ti2O7 1010 [65] 
(La0.25Ce0.44Pr0.21Nd0.80Sm0.16Eu
0.10Gd0.09U0.06)(Zr0.99Sn1.01)O7.18 
510 [89] Ca0.5Nd0.5ZrTi1.5Al0.5O7 1020 [53] 
CaZrNbFeO7 550 [53] La2Sn2O7 1025 [114] 
Y2.43Nd0.57Al4.43Si0.44O12 550 [116] La2TiO5 1027 [81, 111] 
La2Hf2O7 563 [13, 112, 114] Ca2.02U0.26Zr0.26Mn1.62Ti6.70Fe0.8
4Al1.30O21.29 (8-C) 
1030 [116] 
Y2TiO5 589 [26] Sm2Ti2O7 1045 [64] 
CaZrNb0.85Fe0.85Ti0.3O7 590 [53] Ca1.5Gd1.5U0.1Zr1.5Al1.1Fe2.3O12 1050 [116] 
Yb2Ti2O7 594 [26, 111] Sm2Ti2O7 1060 [65] 
Yb2Ti2O7 611 [64] Eu2Ti2O7 1080 [64, 65] 
Y2TiO5 623 [25] Gd2Ti2O7 1120 [64, 73] 
CaZrTi2O7 640 [53] Ca3Zr2FeAlSiO12 1129 [119] 
LaAlO3 647 [81] La2TiO5 1193 [25] 
(La0.28Ce0.54Pr0.23Nd0.81Sm0.18Eu
0.12Gd0.08U0.08)Sn2.00O7.49 
650 [89] Nd2TiO5 1200 [25] 
Y2Ti2O7 665 [26, 111] Ca3Hf2FeAlSiO12 1221 [119] 
Y2Ti1.6Sn0.4O7 666 [112] Gd2Ti2O7 1226 [23] 
Dy2TiO5 673 [25] Sm2TiO5 1237 [25] 
La0.6Sr0.1TiO3 677 [118]    
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While most of the compounds listed in table 5 are synthetically fabricated, there are a few 
examples of natural minerals. A study [115] on the TiO2 polymorphs, rutile, brookite and 
anatase, showed a variation in radiation response depending on the initial structure type. 
There is a significant difference in the Tc values between natural and synthetic rutile, at 209 
K and < 50 K respectively. The natural rutile samples contained 1.2 to 1.7% impurities and 
clearly these impurities had an effect on the radiation response. This variation in radiation 
response between the natural and synthetic rutile highlights that subtle changes to the local 
structure can have a significant impact on the material properties. This study also highlights 
the impact average crystal structure has on radiation response.  
 
However, it should be noted that, while there was variation in response between the 
different TiO2 polymorphs and the synthetic and natural rutile specimens, the values of Tc 
were all below room temperature. This means that if any of these materials were used 
within a nuclear fuel or waste-form application the temperatures experienced should ensure 
crystallinity is maintained. 
 
This leads on to the question of what is a desirable Tc temperature. If a candidate waste-
form material has a Tc below the waste-form temperature than the expectation is that 
crystallinity will be maintained. The general international consensus for long-term waste-
form storage is to use deep geological stores to hold the consolidated waste. The 
environmental conditions, including temperatures, of these geological stores will be 
dependent on the local geothermal gradient and the depth of the store. Temperatures of 318 
– 338 K at a depth of 1 km or 398 – 498 K at a depth of 5 km could be expected [8]. 
Internal heating due to fission can also be expected, with the resultant material temperature 
greatly dependent on radionuclide loadings and their respective half-lives. Based on just the 
geological temperatures, a compound with a Tc at or below the 350 to 500 K range may be 
expected to maintain its crystallinity regardless of accumulated alpha-decay events. 
 
Compounds with a pyrochlore structure, a major phase in many proposed ceramic waste-
forms, appear regularly throughout table 5. The general formula for these pyrochlores is 
Ln2M2O7 (Ln = lanthanides, actinides and yttrium, M = Ti, Zr, Hf, Sn). The crystal 
structure type, in this case the cubic space group Fd-3m, is often used as a characteristic 
relatable to good radiation response. However, even within a single space group there is 
great variation in radiation response. 
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There have been numerous studies focussed on pyrochlores of Ln2Ti2O7 stoichiometry (Ln 
= lanthanides) and their radiation response [23, 26, 64, 65, 73, 111, 112, 114]. This system 
of compounds shows a variety of responses upon exposure to ion-irradiation and an 
example of data from one such study is plotted in Figure 3.5.3.1, with data adapted from 
Lian et al. [64]. In this figure there is an initial trend of increasing Tc value from Sm2Ti2O7 
to Gd2Ti2O7 followed by sequential decreasing in values between Gd2Ti2O7 to Lu2Ti2O7. 
 
As with any ion-irradiation response study, the ultimate question to be answered is: what is 
the source of radiation resistance that leads to the different responses from each different 
material? For the Ln2Ti2O7 series of compounds highlighted in Figure 3.5.3.1 there have 
been a variety of explanations put forward for radiation response.  The calculation based 
study by Minervini et al. [74] on the defect formation energies of the pyrochlore system 
show that the cation anti-site defect is the most stable defect in pyrochlores. This anti-site 
defect energy usually decreases as the cation radius ratio rA / rB decreases. In the study by 
Lian et al. [64] (data shown in Figure 3.5.3.1) the trend of increasing Tc from Lu2Ti2O7 to 
Gd2Ti2O7 was related to the increasing cation radius ratio and the resultant decreasing 
capacity to accommodate anti-site defects. The discrepancy here is with the cation radius 
ratio trend not fitting with Tc for Eu2Ti2O7 and Sm2Ti2O7. Using the cation radius ratio to 
estimate anti-site defect energy is over-simplistic and does not take into account the bond 
strength between cations to anions. Lian et al. could explain the overall Tc versus 
lanthanide radius trend using the oxygen x48f positional parameter where the ideal ordered 
pyrochlore has the value x = 0.3125, and the related defect fluorite structure has x = 0.375. 
 
By refining the crystal structure details for this series of compounds, a relationship was 
established between improved tolerance and x values closer to that of the defect fluorite. 
 
The ion-irradiation tolerance trends in the Ln2Zr2O7 pyrochlore system were further 
investigated by Sickafus et al. [61]. As with the Lian et al. study [64], the order-to-disorder 
transition via cation anti-site formation was used to partly explain radiation response for 
this group of compounds. Extra to this, Sickafus et al. used temperature – composition 
diagrams to highlight that Ln2Zr2O7 compounds with a greater fluorite stability phase 
(lower temperature of formation plus greater phase stability temperature range) also 
showed improvement in radiation response. 
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Figure 3.5.3.1: The critical temperatures of a series of Ln2Ti2O7 compounds plotted with 
respect to the lanthanide radii. The graph was adapted from data of Lian et al. [63]. 
 
An empirically-derived relationship between certain characteristics of the pyrochlores and 
their critical amorphisation temperature was developed by Lumpkin et al. [19]. Here 51 
compounds with pyrochlore or pyrochlore-related structure were analysed. The following 
equation describes this relationship; 
 
𝑇𝑇𝑐𝑐 =  −29738.6(𝑥𝑥48𝑓𝑓) + 8457.7(𝑎𝑎0) − 1148.9�∆𝑋𝑋𝑑𝑑� + 939.7(𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑) 
In this equation, x48f is the oxygen positional parameter for pyrochlore, a0 the unit cell 
edge, ΔXp the average anion-cation Pauling electronegativity difference and Edis the 
combined cation-anion disorder energy (based on ab initio calculations). Firstly there is no 
mention of cation radius ratios within the above equation and this is due to their strong 
correlation with the oxygen positional parameter and unit cell size. The final two variables 
in the above equation both relate to bonding strength. By using both crystallographic and 
bonding characteristics for pyrochlore and fluorite structured compounds, a good 
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correlation was established between these and the resultant radiation response as measured 
via Tc. 
 
With improvements in radiation response being noted for compounds capable of 
incorporating disorder into their structure plus/or the ability to form the fluorite structure, 
the highly disordered Ln2TiO5 compounds show good potential.  The solid solution study 
of compounds Ln2(Ti2-xLnx)O7-x/2 by Lau et al. [78] showed that Ln2TiO5 compounds could 
be fabricated in pyrochlore form by using lanthanides from Tb to Lu. The greater inherent 
disorder within Y2TiO5 and Yb2TiO5 compared with Y2Ti2O7 and Yb2Ti2O7, respectively, 
leads to an improved radiation response for the Ln2TiO5 compounds relative to the 
Ln2Ti2O7 compounds [26]. The ion-irradiation response of the Er2(Ti2-xErx)O7-x/2 solid 
solution was studied by Yang et al. [59], who noted an improvement in radiation response 
with an increasing value of x; again the Ln2TiO5 compound performed the best. 
 
While general trends in radiation response may be explained using material characteristics 
such as space group or defect formation energies, there are still often deviations from the 
expected trend when looking across a range of structure types. Even within materials that 
begin with, or are capable of transitioning to, the fluorite structure, there is variability in 
radiation response (as discussed earlier). There are a number of other structure types, 
besides the fluorite and pyrochlore, with potential nuclear applications, so characteristics 
other than those specific to pyrochlore need to be investigated. This begs the question: is 
there another material-dependent characteristic that can be more closely linked with 
radiation response? This is investigated in the following section. 
 
 
3.5.4 Linking the Material Properties and Characteristics to 
their Radiation Response. 
 
A definitive general model to describe the source of radiation tolerance across a range of 
structurally different compounds has not yet been developed. There have been numerous 
experimental and theoretical studies on this topic and these provide a useful insight into the 
mechanisms involved and potential avenues for further model development. A range of 
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these theories and models will be discussed briefly with some experimental examples and 
any deviations from trend for each described. 
 
For each irradiating ion and target material, it seems reasonable to assume that a greater 
amount of initial damage will be created within target materials presenting a greater cross-
section. In an in-situ ion-irradiation study of four pyrochlore compounds by Wang et al. 
[65], it was found that the compounds containing heavier lanthanides were more 
susceptible to radiation damage.  This was attributed to the heavier cations providing a 
greater cross-section to the irradiating ion resulting in greater damage cascade sizes. A 
short-coming of this explanation of damage accumulation is that it does not take into 
consideration recrystallisation of the displacement cascade; this was highlighted within the 
study. This short-coming becomes evident in later extended studies of the same system 
where even heavier lanthanides actually show improved radiation response [64]. 
 
The idea of target materials showing a varied cross-section to the irradiating ion and this 
correlating to a variety of damage responses has also been studied. The atomic packing 
fraction, i.e. the percentage of volume filled by the lattice atoms within a crystal structure, 
influences the cross-section. This depends strongly on the orientation of the crystal 
structure relative to the irradiating ion direction and at certain orientations can result in 
channelling. The channelling effect [120] will influence the damage accumulation rates 
[121, 122]. Channelling can be minimised by tilting the crystal such that no major zone axis 
is orientated parallel to the incoming irradiating ion. 
 
A correlation between increased disordering, increased melting temperature and lower Tc 
was shown to exist in pyrochlore and pyrochlore-related compounds [26]. A correlation 
between the melting point, crystallisation temperature and susceptibility to amorphisation 
was established by Naguib and Kelly [123]. The determination of crystallisation 
temperature requires data on thermal diffusivity and enthalpy of crystallisation. Difficulties 
determining diffusivity can be a hurdle to applying this model.  
 
Immediately after ion-target interaction (picoseconds), there is a damage cascade zone 
created: a region of high energy and high temperature, referred to as a hot zone or thermal 
spike. This region cools quickly (referred to as quenching). This is analogous to a local 
melt being created, followed by a sudden quench. The final state of the damaged region 
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depends on the mobility of the defects, the thermal diffusion rate and the ability of the 
material to recrystallise. Using this, Wang et al. [110] developed a model based on 
crystallisation efficiency to determine ion-irradiation response. In this study the following 
equation relating Tc with melting temperature Tm and glass transition temperature Tg was 
established; 
 
𝑇𝑇𝑐𝑐  ≈  𝑇𝑇𝑚𝑚 −  �𝑇𝑇𝑚𝑚  − 𝑇𝑇𝑔𝑔�  𝑅𝑅𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝐶𝐶 𝑟𝑟0 𝐵𝐵�  
Here RCryst refers to the crystallisation rate, r0 the sub-cascade radius, and B is a constant 
related to heat diffusivity. With this particular model there is a contradiction with previous 
models where higher melting temperatures were correlated with lower Tc values. However, 
the general form of the above equation shows that a material that is more energetically 
inclined to glass formation will also be more susceptible to amorphisation. Studies of the 
radiation response of inter-metallic compounds by Lam and Okamoto [17] showed a 
relationship between the melting and glass transition temperatures and the crystalline to 
amorphous transition. In their model, irradiation-induced disorder increased the glass 
transition temperature until it was above the melting temperature, at which point the 
material remains amorphous.  
 
The use of high resolution TEM in the study of materials exposed to swift heavy ions has 
allowed investigation of damage cascade tracks displaying an altered region of either an 
amorphous zone, phase transition or an amorphous core surrounded by a recrystallised shell 
[24, 124]. The swift heavy ions lead to predominately inelastic scattering, resulting in 
ionization of the lattice atoms and the transfer of energy via electron-phonon coupling, and  
a localised thermal spike [125]. The resultant damage cascade zone shows a link between 
the amorphous track diameter and particular material-dependent properties such as glass 
formation temperature, rate of recrystallisation and thermal dissipation. 
 
Energy dissipation during the ion-target interaction is an important element to consider 
when modelling damage accumulation. There are two main types of interaction that take 
place between the incident ion and lattice atoms: electronic based inelastic scattering and 
nuclear elastic scattering. The dominant type of scattering is dependent on the ion mass and 
energy, average lattice atomic mass, orientation of atomic planes relative to the incoming 
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ion, and the density of the target material. Numerous ion-irradiation studies include the 
ratio of electronic to nuclear stopping power ratio (ENSP) in describing the radiation 
response mechanisms. In an ion-irradiation study of phosphate-based compounds with 
either monazite or zircon structure, topological freedom was used to explain differences in 
radiation response between the two structure types, and ENSP ratios were used to show a 
trend of increasing Tc corresponding with decreasing ENSP values [126].  
 
Topological freedom, where the nearest bonds define the number of local constraints placed 
on an atom, has been used to model material radiation response [127-129]. Over-
constrained is generally found to be better than under-constrained for improved radiation 
response. For under-constrained materials, there are more energetically favourable 
geometrical options available and one of these options may be the amorphous state. In 
contradiction to this model, structurally similar compounds, for example the pyrochlore 
series, have the same topological freedom yet display a range of radiation responses.  
 
The link between radiation response and crystal structure is often used. The limitation of 
this approach, as with the topological approach, is that it does not explain compound-
dependent variation in radiation response within defined space groups. So whilst 
crystallography is useful in modelling general trends in radiation response across different 
space groups, it does not account for trends within the space groups themselves. Attempts 
have been made by Lumpkin et al. [19, 23] to use aspects of crystallographic characteristics 
and empirically derived bonding values to define Tc trends within pyrochlores and 
pyrochlore related compounds. This approach gave good correlation between the 
empirically-derived and experimentally-determined Tc values. However, using empirical 
values for bonding, such as those derived using Pauling electronegativity tables [130], also 
has its limitations. One such short-coming of this approach is highlighted by comparing the 
radiation response for the three TiO2 polymorphs shown in the previous section in table 5. 
In this example, all three TiO2 compounds will have the same bonding value, as determined 
using electronegativity values, yet have different bonding and, according to the values in 
table 5, have different radiation responses. 
 
The limitation of using empirical values to define bonding and the use of this in looking for 
correlations with radiation response has been highlighted by Trachenko [20, 22], who 
proposes that a more rigorous analysis of the electron density distribution is required to 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 41 
 
determine the bonding types. The qualitative argument used by Trachenko to describe 
bonding and the relevant radiation response is as follows: Atoms displaced from their 
lattice positions via the irradiating ion and resulting damage cascade require a certain 
amount of mobility in order to regain coherence within the crystalline lattice. If there is a 
significant amount of local, short-range directional bonding, which can be thought of as 
covalent bonding, an associated energy is required to break these bonds in order to allow 
mobility of the defects. However, highly ionic bonding is longer range and mobility of 
defects does not require an associated extra energy.  
 
The conclusion is that a more “ionic” material will recrystallise more readily and therefore 
maintain its’ crystalline structure when compared with a covalent material. Whilst this 
model showed some good correlations between bonding and radiation response within 
certain groups of compounds, the general trend across several families of compounds was 
not seamless. 
 
The precise relationship between radiation response and material properties and or 
characteristics is still yet to be defined. However, characterisation of crystallography 
appears to be an important step toward establishing initial trends. From the crystallography, 
several other details such as packing fractions, topology and bonding may be calculated and 
correlated with radiation response. 
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3.5.5 Alternative Methods for Characterisation of Ion-
Irradiation Induced Damage 
 
Introduction 
 
Up to this point, this literature review has mostly focussed on the study of radiation damage 
via monitoring of changes to the crystalline state and, in particular, the transition from 
crystalline to amorphous characterised via the TEM in-situ approach. A brief review of the 
different techniques currently used to measure the crystalline to amorphous transition, plus 
other characteristics that can be monitored to gauge radiation response, will be given here. 
 
3.5.5.1 Transmission Electron Microscopy 
 
One of the advantages of TEM is the sub-nanometre lateral spatial resolution. This 
capability allows short-range ordering of both crystalline and amorphous material to be 
investigated, plus high spatial resolution spectroscopy to be performed. The use of electron 
energy loss spectroscopy (EELS) allows information on bonding and local geometry to be 
attained and compared with damage accumulation response. EELS has been used to look at 
changes in local geometry induced by exposure to irradiation, such as polyhedra transitions 
and changes in crystal field splitting [12]. 
 
Whilst in-situ irradiation is commonly employed for the observation of radiation response 
in ceramics there are several important factors that need to be considered when using this 
technique. In a review of ion-irradiation TEM studies by Wang [131] some potential issues 
associated with the in-situ technique were highlighted:  
1. The thinness of TEM specimens creates a large surface area to volume ratio 
meaning free surface effects may play a significant role in radiation response. 
2. The energy of the irradiating ions needs to be sufficiently high to avoid the effects 
of implanted ions within the TEM specimen. This will mean however that the 
damage depth peak will be outside of the TEM specimen. 
3. The electron beam may have an effect on the radiation response of the ion-irradiated 
specimen. The synergistic effects of simultaneous ion and electron beam irradiation 
have been shown to retard ion-beam induced amorphisation. However the 
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synergistic effects of simultaneous ion and electron beam irradiation can be negated 
by keeping ion-irradiation and electron observation separate.  
 
For TEM observation specimens need to be sufficiently thin so as to allow the transmission 
of the electrons. In a previous study amorphisation occurred at a relatively lower dose in 
the thinner areas of a Ca2La8(SiO4)6O2 specimen [132]. The source of difference in 
radiation response was associated with the formation of a thin amorphous layer during 
specimen preparation via ion-milling enhancing amorphous growth in the thinner areas. 
Specimens of approximately 100 nm thickness should be sufficiently thick to reduce the 
effect of any thin amorphous layer produced during specimen preparation. 
 
The use of bulk sample irradiation followed by cross-sectional TEM analysis removes the 
potential issues associated with the in-situ approach highlighted above. Perhaps the most 
challenging aspect of the cross-sectional TEM approach comes from the preparation of 
electron transparent sections without any artefacts. There are numerous studies on cross-
sectional TEM specimen preparation techniques with the most common approaches being 
either mechanical polishing followed by ion beam thinning [133], or the use of focussed ion 
beam milling [134]. 
 
One of the greatest advantages of the cross-sectional approach over that of the in-situ is the 
ability to analyse the complete damage depth distribution. By viewing the materials ion-
irradiation response across the damage depth profile more fundamental insights into 
damage induced by either nuclear elastic scattering or inelastic scattering electronic 
radiolysis assisted amorphisation may be gained [135]. 
 
With the bulk ex-situ irradiation approach, to determine the critical dose of irradiating ions 
required for the phase transition from crystalline to amorphous, Dc, the experimental 
damage depth profile needs to be compared with a simulated profile. This is different from 
the in-situ approach where the critical dose is taken directly from the fluence required to 
take the observed grain from crystalline to amorphous. In a study on bulk irradiated 
Ln2Ti2O7 (Ln = Sm, Eu, Gd, Dy and Er) specimens by Lian et al. [62] the damage depth 
profiles were compared with simulated ones using the software SRIM and Dc values were 
determined. These Dc values were found to be lower than those determined using the in-situ 
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approach in a previous study of the same series of compounds [64]. A possible source of 
variation in values between these two approaches is that the damage depth profile peak falls 
outside of the specimen volume in the thin TEM specimens used for the in-situ approach. 
This will result in an overestimation of the critical dose required for amorphisation. 
 
TEM cross-sections allow the morphology, crystallography and chemistry of the damage 
depth profile to be analysed on length scales from short to long-range. Valdez and Sickafus 
[136] used a combination of grazing incidence x-ray diffraction (GIXRD) and cross-
sectional TEM diffraction and imaging to study the ion-irradiation induced damage in 
Sc4Zr3O12. They were able to identify an irradiation-induced phase change from 
rhombohedral to fluorite symmetry. The combination of GIXRD and cross-sectional TEM 
was also used in combination in a separate study of Y2Ti2O7. In this study by Li et al. 
[137], diffraction peaks were present in all GIXRD diffraction patterns, irrespective of 
dose, indicating crystallinity in the sampled region. TEM micro-diffraction was able to 
confirm the existence of an amorphous zone through the damage depth profile located 
around the peak damage region. This highlights an advantage of the TEM method over 
GIXRD in being able to sample small, nanometre, regions. 
 
Aside from cross-sectional analysis, pre-prepared TEM specimens that are exposed ex-situ 
to ion-irradiation can be studied. Several studies have looked at the recrystallisation 
kinetics of amorphised specimens in which the amorphous region recrystallises. The 
recrystallisation occurs via either epitaxial or nucleation modes and the recrystallisation is 
facilitated via either heating or electron beam flux [29, 138]. Other studies have used high 
resolution TEM imaging to look at damage cascade zones created via swift heavy ions [24, 
124, 139]. A study by Tracy et al. [24] correlated the diameter of the amorphous cylindrical 
damage track with the cation size for a series of compounds with Ln2TiO5 stoichiometry. 
The changes observed between these different compounds and their respective amorphous 
zone sizes were attributed to differences in recrystallisation rates and melting temperatures. 
 
Bulk ex-situ irradiation coupled with TEM characterisation presents the possibility of 
attaining greater detail of the material response to ion-irradiation exposure when compared 
with the in-situ approach. However, in-situ TEM is particularly useful for following the 
evolution of structural changes with increasing fluence. This is something much harder to 
achieve using the bulk ex-situ approach. 
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3.5.5.2 X-ray Absorption Spectroscopy 
 
The use of x-ray absorption spectroscopy (XAS) techniques such as x-ray absorption near 
edge structure (XANES) or extended x-ray absorption fine structure (EXAFS) 
spectroscopies may be used to probe the nearest neighbour environments around specific 
cations [140]. This approach provides a more sensitive measure of local structure for 
detecting target material changes induced as a result of exposure to high energy ions when 
compared with diffraction-based methods [141]. 
 
The structural transition of Am2Zr2O7 from pyrochlore to fluorite due to alpha particle self-
irradiation has been studied using x-ray diffraction in conjunction with EXAFS [141]. The 
EXAFS provided a means to probe the local co-ordination changes between the cation-
anions against changes in dose and showed a distinct change for Am-O bonding, indicative 
of the transition to a fluorite structure. The transition from the crystalline to amorphous 
state was studied in irradiated InP via EXAFS by Schnohr et al. [142]. In this study a loss 
of medium range order in the EXAFS signal was indicative of the transition to an 
amorphous state. 
 
3.5.5.3 X-ray Diffraction 
 
A couple of the advantages of x-ray diffraction (XRD) over other characterisation 
techniques are that small variations in lattice parameters can be measured and specimen 
preparation tends to have minimal impact on the sample (unlike TEM specimen 
preparation). One of the limitations of this approach is getting the x-ray sampling depth 
correct relative to the ion-irradiated damage depth [143]. 
 
XRD analysis of ion-irradiated specimens can be carried out either via an ex-situ approach, 
where several specimens of the one sample are irradiated to various fluence and then 
transferred to the diffractometer for analysis, or via an in-situ approach. In-situ can be run 
in either simultaneous data collection and irradiation mode or sequential dose followed by 
measurement mode. Grazing incidence is generally used so as to only probe the damaged 
layer. The damage thickness is estimated either by using simulation software such as 
Stopping Range of Ions in Matter (SRIM) [144] or by experimental determination such as 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 46 
 
by using cross-sectional TEM. The angle of x-ray incidence is determined via calculation 
of the x-ray penetration depth and set to an angle to best monitor the relevant damage layer. 
 
If data collection is run in tandem with ion-irradiation, there may be issues with 
background contributions in the x-ray diffraction pattern from the irradiating ions and so a 
discriminator may be required [143]. 
3.5.5.4 Raman Spectroscopy 
 
 
The use of Raman spectroscopy for characterisation of damage accumulation has the 
potential to complement the techniques previously discussed. This approach allows local 
structural changes to be investigated and this may assist in interpretation of XAS data. The 
use of micro-beams also allows small sampling areas to be used giving greater control of 
the sampling volume being tailored to the damage zones. 
 
Weber and Hess [145] investigated the ion-irradiation response of Gd2Ti2O7 using Raman 
spectroscopy coupled with XRD, showing unit cell volume expansion, and TEM, showing 
amorphisation.  Raman spectroscopy indicated changes, shortening of Gd-O bond lengths 
upon ion-irradiation exposure. They also found changes in the spectra indicative of anti-site 
disordering. The Raman spectroscopy results were complimentary to the XRD and TEM 
based results whilst also giving further insights into the fundamental changes occurring 
within the local metal-oxygen bonds. 
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4 Fundamentals of Damage Accumulation and Recovery 
Introduction 
 
The interaction of accelerated ions with a target material provides a useful technique for 
simulating the radiation effects of alpha-decay occurring in wasteform matrices. The ability 
to achieve high fluence via the ion-irradiation approach means that the results of radiation 
response can be studied in relatively short time periods, minutes to hours, compared with 
geological time periods (104 to 106 years). 
 
The fundamentals of ion-irradiation induced damage are complex but can be divided into 
two main parts; the initial displacement of lattice atoms creating regions of disorder, and 
the mobilisation of these defects resulting in a final state (crystalline or amorphous). Some 
of the theory behind these processes will be covered in the following sections, addressing 
the questions: how does an ion implanted into a target material produce disorder within that 
structure, what type of defects and structural changes are caused, and how do some 
materials achieve recrystallisation? 
 
Several models used in describing radiation damage and recrystallisation phenomena will 
be discussed. In radiation studies these are used to estimate damage distribution profiles 
and to gain insight into radiation tolerance trends within groups of compounds. 
 
4.1 Dynamics of Collisions (Elastic Scattering, Conservation of 
Momentum and Energy) 
 
When an accelerated ion enters the target material, it will undergo a series of both elastic 
ion-lattice nuclei interactions and inelastic (charge density) ion-lattice charge interactions. 
So understanding the fundamentals of damage accumulation and recovery mechanisms is 
vital for interpretation of experimental radiation response for the test materials. 
 
We will begin with the fundamental physics of kinetic energy and momentum transfer, 
which occur during an ion-lattice atom collision. This will lead to the inter-atomic potential 
equation. Essentially, the transfer of energy between the ion and lattice atom, or subsequent 
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displaced atom and lattice atom, determines both whether the lattice atom will be displaced 
from its lattice position and the rate of energy loss for the irradiating ion. The displaced 
lattice atoms and rate of energy loss for the ion determine the size and concentration of 
local damage to the lattice.  
 
A simplified, but effective, model for describing ion to lattice atom interactions is the two-
particle, or binary collision approach. In this model, the distance between the ion and lattice 
atom determines the potential energy of the system. This potential energy affects the 
differential energy transfer cross-section, which, in turn, affects the ion energy loss rate, 
collision density and mean free path of the penetrating ion. During the transmission of the 
irradiating ion through the target material, numerous collisions occur between the ion and 
lattice atoms and subsequent collisions occur between the displaced target atoms and 
further lattice atoms. These collisions may be treated as a succession of binary collisions, 
so information on the dynamics of binary collisions is essential for a deeper understanding 
of ion-irradiation induced damage accumulation. 
 
The ion-lattice atom interaction can be described via the inter-atomic potential. As the 
irradiating ion penetrates the target material, it will undergo numerous collisions altering its 
initial trajectory. Elastic scattering occurs when the ion collides with a lattice atom nucleus. 
This interaction can be approximated as a binary collision, provided the mean free path 
between collisions is much greater than the inter-atomic spacing, which is reasonable when 
the energy of the ion is in the keV range or above. 
 
For these elastic collisions, the energy transfer must adhere to the principles of kinetic 
energy and momentum conservation (unlike for inelastic collisions). In investigating two 
particle collision and scattering, it is often easier for calculation purposes to work in the 
centre of mass frame where: 
 
𝑀𝑀𝑐𝑐 = (𝑀𝑀𝑑𝑑𝑖𝑖𝑖𝑖  ×  𝑀𝑀𝑑𝑑𝑙𝑙𝐶𝐶𝐶𝐶𝑑𝑑𝑐𝑐𝑙𝑙) (𝑀𝑀𝑑𝑑𝑖𝑖𝑖𝑖 + 𝑀𝑀𝑑𝑑𝑙𝑙𝐶𝐶𝐶𝐶𝑑𝑑𝑐𝑐𝑙𝑙)�  
 
Figure 4.1.1 shows the two different reference frames, laboratory and centre of mass, where 
it is shown that in the centre of mass frame, the velocities of the ion and the target atom 
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remain unchanged before and after collision. One of the big advantages of describing a 
collision using the centre of mass reference frame is that in calculating the potential, V, 
between colliding particles, only the distance between them, r, needs to be considered. 
 
 
Figure 4.1.1: The same binary collision between an irradiating ion and a lattice atom 
described in two reference frames; laboratory and centre of mass. This figure was adapted 
from the text “Ion-solid interactions” [140]. 
 
According to the law for conservation of energy, the ion energy before and after a binary 
collision requires that the initial energy of the incoming ion before impact equals the 
energy of the ion plus the energy of the target atom after impact [146]. The ion-target atom 
interaction results in energy being given to the target atom, which can be calculated using 
the equation: 
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𝐸𝐸2 =  𝑀𝑀𝑑𝑑𝑙𝑙𝐶𝐶𝐶𝐶𝑑𝑑𝑐𝑐𝑙𝑙2 �𝑣𝑣0𝑀𝑀𝑐𝑐 cos∅𝑀𝑀𝑑𝑑𝑙𝑙𝐶𝐶𝐶𝐶𝑑𝑑𝑐𝑐𝑙𝑙 �2 
 
where  𝐸𝐸2 represents the energy imparted to the lattice atom after impact. These energy 
relationships are helpful in calculating the ion-target nuclear stopping power rate and cross-
section. 
 
Next we consider the conservation of angular momentum. The figure below (Figure 4.1.2) 
represents the vector parts (broken into radial and transverse velocity components) of a 
binary collision, in polar co-ordinates, where the angular momentum points out of the page. 
 
The conservation of angular momentum gives us the following equation for relating the 
interaction described in Figure 4.1.2: 
 
𝒍𝒍 = 𝑴𝑴𝒄𝒄 𝒓𝒓 𝒗𝒗𝒕𝒕 
 
Coalescence of energy and momentum calculations allows the interatomic potential to be 
calculated: 
 
𝑉𝑉′(𝑟𝑟) = 𝑉𝑉(𝑟𝑟) +  𝑙𝑙22𝑀𝑀𝑟𝑟2 
 
At a distance of closest approach𝑉𝑉′(𝑟𝑟)  represents the kinetic energy  𝐸𝐸 =  𝑀𝑀𝑣𝑣2
2
.  
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Figure 4.1.2: A binary collision between an irradiating ion and a lattice atom, showing the 
velocity vector broken up into radial and transverse parts. The resultant angular momentum 
is perpendicular to the plane defined by vectors r and v. This figure was adapted from “Ion-
solid interactions” [146]. 
 
 
This establishes the relationship between kinetic (𝐸𝐸), potential (𝑉𝑉(𝑟𝑟)) and centrifugal 
( 𝑑𝑑
2
2𝑀𝑀𝐶𝐶2
) energies during the collision event and is the first step in calculations for ion-solid 
elastic scattering calculations. We next need to establish the probability of a scattering 
event to occur and this can be achieved via scattering cross-section analysis. 
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4.2 Cross-section 
 
This section deals with the probability of the ion interacting with the target lattice atoms 
and the statistics around it. Conceptually, in this case the cross-section refers to the chance 
that an incident ion will undergo an elastic collision interaction with a lattice atom. The 
units for cross-section are expressed in barns, with 1 barn equivalent to 10-28 m2. It should 
be noted that the cross-section does not represent an actual physical area but, when divided 
by the actual area of the lattice atom, represents the probability that a scattering event will 
occur. [147] 
 
If we treat the atoms within the crystalline matrix as hard spheres or “billiard balls”, then 
the cross-section for interaction between the irradiating ion and the lattice atoms can be 
described via the atomic packing fraction of the lattice. The atomic packing fraction is the 
volume filled by the lattice atoms divided by the total volume. This is an oversimplified 
model that, among other things, does not take into account the inelastic scattering effects of 
the charge-to-charge interactions between the ion and the lattice atoms’ charge density. 
 
For a simplified calculation of the probability of scattering occurring through the specimen, 
the following equation may be used: 
 
𝜎𝜎𝐶𝐶𝑖𝑖𝐶𝐶𝑙𝑙𝑑𝑑𝑡𝑡 =   𝑁𝑁0𝜎𝜎𝑙𝑙𝐶𝐶𝑖𝑖𝑚𝑚 𝜌𝜌 𝑡𝑡 𝐴𝐴  
 
Here, 𝜎𝜎𝐶𝐶𝑖𝑖𝐶𝐶𝑙𝑙𝑑𝑑 is the number of scattering events per unit distance, 𝑁𝑁0 Avogadro’s number, 
𝜎𝜎𝑙𝑙𝐶𝐶𝑖𝑖𝑚𝑚 the cross-section for each individual atom, 𝜌𝜌 density, 𝐴𝐴 the atomic weight of the 
scattering atoms, and 𝑡𝑡 the thickness of specimen the irradiating ion is passing through. As 
discussed previously, the cross-section of each scattering atom is not a physical area but 
rather a probability that scattering will occur. 
 
The orientation of the crystal lattice influences damage accumulation; some crystal zone 
axes may present channels for the irradiating ions to pass, which will reduce the “physical 
cross-section” presented to the incoming ion. Studies have shown crystal orientation to 
have significant effects on damage accumulation [148]. By altering the physical cross-
section presented to the irradiating ion, the mode of energy dissipation is altered with a 
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greater emphasis on inelastic, electronic stopping.  An increase in the electronic to nuclear 
stopping power ratio (ENSP) has been shown to improve recovery of radiation-induced 
damage [126]. The ENSP can be calculated using the software package SRIM (Stopping 
Range of Ions in Matter) [144] and is often included in published ion-irradiation damage 
data tables. It should be noted that the SRIM calculation assumes random distribution of the 
lattice atoms, i.e. crystallinity is not taken into account. 
 
One of the major factors affecting the ENSP ratio is the accelerating potential of the 
incident ion. An irradiating ion with a higher energy, with all other variables kept constant, 
will tend to have greater electronic interaction with the target atoms. The result of higher 
ion energy is the lowering of the cross-section for scattering. 
 
4.3 Ion Energy Loss Process (Electronic and Nuclear Stopping) 
 
During the passage of the irradiating ion through the target material lattice, there will be a 
series of collisions. These ion-target atom interactions will result in alterations of the 
original ion trajectory, produce lattice atom displacements, and cause the incident ion to 
lose energy. This energy loss will depend on the ion energy and mass, as well as the target 
material characteristics (this is mostly dominated by the average lattice atomic mass). 
 
The incident ion will have a penetration range creating an ion concentration versus depth 
curve, which is primarily dependent on the ion mass and incident ion energy. However the 
straggle (variation of ion concentration with penetration depth) is primarily influenced by 
the ratio of accelerated ion mass to target atomic mass. These effects can be seen in Figure 
4.3.1, where the calculated ion distribution versus depth has been determined for two 
different scenarios.  
 
The rate of energy loss can be separated into two major types of components; those related 
to nuclear (elastic) scattering, usually involving significant energy losses and angular 
deflection of the incident ion, and those of electronic (inelastic) scattering, usually 
involving much smaller energy losses.
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 54 
 
 
Figure 4.3.1: SRIM calculated ion ranges for gold and helium ions in a Gd2TiO5 target 
showing the differences in distribution and concentration of ions. The comparison shows 
the effect of a small mass ion, He, in a heavy mass target, and when the mass of the ion, 
Au, is greater than the mass of the target. 
 
 
Figure 4.3.2 shows an example of the nuclear and electronic energy loss rates for a broad 
cross-section of ion-energies. In this example, the material Gd2TiO5 is exposed to 
accelerated Kr ions. This figure shows that nuclear interactions dominate at ion energies up 
to 1 to 2 MeV and electronic collisions dominate at much higher energies. At higher still 
ion energies, around GeV and above, the rate of energy loss through electronic interactions 
starts to drop off. This is the energy region where the ion velocity is greater than that of the 
Bohr velocity of the atomic electrons. This will be discussed in more detail in the section 
on electronic stopping. 
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Figure 4.3.2: The calculated rate of energy loss for Gd2TiO5 exposed to accelerated krypton 
ions. The energy loss (keV / nm) is separated into both nuclear and electronic interactions 
with calculations performed using SRIM [138]. 
4.3.1 Nuclear, Elastic Collisions (Nuclear Stopping) 
 
The nuclear stopping power or nuclear energy loss rate is the measure for rate of energy 
loss due to incident ion – target nuclei interactions (elastic collisions) per unit of length 
travelled through the target material. 
 
The rate of energy loss due to elastic collisions �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
𝑖𝑖
  is defined via the following 
equation; 
 
�
𝑑𝑑𝐸𝐸
𝑑𝑑𝑥𝑥
�
𝑖𝑖
= 𝑁𝑁� 𝑇𝑇𝑇𝑇𝑚𝑚𝑙𝑙𝑑𝑑
𝑇𝑇𝑚𝑚𝑑𝑑𝑖𝑖
𝑑𝑑𝜎𝜎
𝑑𝑑𝑇𝑇
𝑑𝑑𝑇𝑇 
 
Here N represents the total number of interacting atoms, T the transfer energy and σ the 
cross section. The integral lower limit value of Tmin is dependent on the lattice atomic 
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displacement energy and will be discussed in more detail in section 4.4.1. For the integral 
upper limit of Tmax can be determined via; 
 
𝑇𝑇𝑇𝑇𝑎𝑎𝑥𝑥 = 4𝑀𝑀1𝑀𝑀2𝐸𝐸(𝑀𝑀1 + 𝑀𝑀2)2 
 
There are a variety of approaches available for the calculation of cross-section. The Ziegler, 
Biersack, and Littmark (ZBL) universal screening function [149] tends to give a reasonable 
level of accuracy and is shown below; 
 
𝛸𝛸𝑈𝑈 = 0.1818 𝑒𝑒(−3.2𝑑𝑑) + 0.5099 𝑒𝑒(−0.9423𝑑𝑑) + 0.2802 𝑒𝑒(−0.4028𝑑𝑑) + 0.02817 𝑒𝑒(−0.2016) 
 
𝑥𝑥 =  𝑟𝑟 (𝑍𝑍10.23 +  𝑍𝑍20.23)0.8854 𝑎𝑎0  
 
Here a0 represents the Bohr radius, 0.0529 nm, r the distance between the two colliding 
atoms, and Z the atomic charge. These calculations come back to the original discussion 
earlier in this chapter on binary collisions. The physics is based on an idealised case of two 
solid objects interacting via the closest approach and a resultant transfer of energy and 
momentum, with both being conserved. This type of elastic collision will dominate at lower 
energy however at higher energies inelastic scattering becomes significant. 
 
4.3.2 Electronic, Inelastic Collisions (Electronic Stopping) 
 
The irradiating ion can have several forms of interaction with the lattice atom electron, 
including: an elastic collision, ionisation of the lattice atom, excitation of the electron to 
higher energy levels, and the same list of options are available to the electrons surrounding 
the irradiating ion. This makes electronic collisions more complex to describe than those of 
the elastic, nuclear collisions. 
 
With increasing ion energy, nuclear scattering becomes less dominant and energy loss via 
inelastic, electronic scattering begins to dominate (as shown in Figure 4.3.2). The electronic 
stopping power is proportional to the irradiating ion velocity for lower energy ions. For 
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ions in the velocity range of 0.1 v0 to Z12/3 v0, the electronic energy loss is approximately 
proportional to the velocity or E1/2, where v0 is the Bohr velocity of atomic electrons (v0 =�  
2.2 x 108 cm / s). At higher ion velocities, the charge state of the ion becomes greater due to 
stripping of its’ electrons until ultimately all electrons are stripped off. 
 
The energy regime of ions used in this study falls into the lower energy regime where 
energy loss is approximately proportional to the irradiating ion velocity. The following 
equation gives a reasonable approximation for electronic energy loss rate. 
 
�
𝑑𝑑𝐸𝐸
𝑑𝑑𝑥𝑥
�
𝑙𝑙
= 𝐾𝐾𝐸𝐸1 2�  
 
At these lower energies the ion is close to neutral and so the conduction electrons have the 
most significant contribution to electronic energy loss. 
 
4.4 Radiation Damage 
 
The focus of this study is on the material response when exposed to high energy, 
accelerated ions. The irradiating ion may undergo numerous forms of interaction with the 
lattice atoms resulting in lattice atom displacement, electron displacement, and excitation of 
either electrons or atoms without displacement.  
 
The use of accelerated ions interacting with target materials is an experimental approach 
used to simulate the conditions a nuclear waste-form may be exposed to. In particular, it is 
used to simulate the effect of the high-energy particles produced as a consequence of 
fission. 
 
Waste-forms are specifically designed as radionuclide containment materials. The 
consequence of this is that, over time, spontaneous fission will occur, releasing high-energy 
particles and creating subsequent localised damage. The major source of radiation damage, 
in the form of displaced lattice atoms, is alpha-decay resulting in a high energy alpha-
particle (~ 5 MeV) and recoil atom (10 – 100 keV). It is this heavy recoil atom that causes 
the greatest concentration of displaced lattice atoms. For these lattice atoms to be displaced 
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there needs to be sufficient energy transfer during the ion - lattice atom collision. This 
minimum energy for atom displacement is referred to as the displacement energy. 
4.4.1 Displacement Energy 
 
Displacement energy or, more appropriately, threshold displacement energy, is the 
minimum amount of energy required to displace a lattice atom from its atomic position. If 
the collision does not have sufficient displacement energy, the lattice atom will undergo 
vibrations without leaving its original lattice position. The vibrations are subsequently 
shared with the nearest neighbour lattice atoms, resulting in localised heating. 
 
By definition, the displacement energy for a lattice atom not only requires sufficient energy 
to move the atom from its original position, but in doing so creating a sufficiently displaced 
atom that it does not spontaneously return to the original lattice position. In the simplest 
form, this will result in the formation of a vacancy at the displaced lattice position and an 
interstitial atom from the displaced atom itself. This creation of interstitial and vacancy pair 
is referred to as a Frenkel pair. Figure 4.4.1.1 shows examples of common defects: Frenkel 
and Schottky defects together with a Frenkel pair. 
 
 
 
 
Figure 4.4.1.1: Diagrams displaying the main defect types; Schottky defect (vacancy), 
Frenkel (interstitial), and Frenkel pair (interstitial and vacancy).  
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The displacement energy, Ed, can be estimated using the non-relativistic approach via the 
following equation; 
 
𝐸𝐸𝑑𝑑 =  𝐸𝐸𝑑𝑑 � 4𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖𝑇𝑇𝑑𝑑𝑙𝑙𝐶𝐶(𝑇𝑇𝑑𝑑𝑖𝑖𝑖𝑖 +  𝑇𝑇𝑑𝑑𝑙𝑙𝐶𝐶)2� 
 
The minimum energy of the ion required to displace the lattice atom in the above equation 
is represented by Ei, with the masses of the ion and lattice atom mion and mlat respectively. 
 
The value of Ed for any individual lattice atom is only an average as it is influenced by the 
lattice atoms surrounding it, the general crystallographic structure and the relative direction 
of the ion – lattice atom impact.  If there is sufficient energy to knock a lattice atom from 
its original position, this knocked on atom may have sufficient energy to cause a further 
series of atomic displacements. The initial displaced atom from the ion – lattice atom 
collision is referred to as the primary knock-on atom (PKA). 
 
4.4.2 Primary Knock-on Atoms 
 
When the energy of the incident ion is of 10’s of keV or greater, this energy is significantly 
greater than that of the lattice atom binding energy, making displacement caused via ion-
target atom interaction almost certain. The lattice atoms displaced by the irradiating ion are 
referred to as the primary knock-on atoms (PKA). Due to the significant energy imparted 
from the ion to the PKA it will possess significant kinetic energy. This high energy PKA 
can create further lattice atoms to be displaced creating higher order knock-ons. 
 
The definition of displaced atom requires that it is moved sufficiently far from its original 
position so that it cannot spontaneously return to its original lattice site. These displaced 
atoms result in the formation of interstitial sites and the creation of vacancies at the no-
longer-occupied original lattice site. The PKA can create a region of damage (vacancies 
and interstitials) known as a displacement cascade. 
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4.4.3 Damage distribution  
 
One of the more basic models for describing the displacement cascade is that proposed by 
Kinchin and Pease in 1955 [150]. From this model the following displacement functions 
[v(E)] are used; 
 
𝑣𝑣(𝐸𝐸) = 0     (0 < 𝐸𝐸 <  𝐸𝐸𝑑𝑑) 
 
𝑣𝑣(𝐸𝐸) = 1     (𝐸𝐸𝑑𝑑 < 𝐸𝐸 <  2𝐸𝐸𝑑𝑑) 
 
𝑣𝑣(𝐸𝐸) = 𝐸𝐸 2𝐸𝐸𝑑𝑑�      (2𝐸𝐸𝑑𝑑 < 𝐸𝐸 <  𝐸𝐸𝑐𝑐) 
 
The cut-off energy, Ec, is used to define the energy above which electronic, inelastic 
collisions dominate over the elastic collisions. Inelastic scattering does not cause direct 
displacement of the lattice atom and so the cut-off energy describes an energy level at or 
above which inelastic scattering is primarily responsible for energy loss and there is no 
further gain in elastic scattering (refer to Figure 4.4.3.1). However this is not technically 
true; inelastic scattering may cause lattice atom ionisation, local destabilisation and 
subsequent atom displacement. In describing the displacement functions above, several 
assumptions have been used: the atoms are treated as solid spheres, there is no energy loss 
into the lattice, the domination of scattering via electronic energy loss is described via a 
cut-off, and lattice atoms are assumed to be randomly distributed (crystal structure and 
orientation are not considered). 
 
The displacement probability described via the Kinchin-Pease displacement functions is 
shown in Figure 4.4.3.1. 
 
As can be seen from Figure 4.4.3.1 the Kinchin Pease model predicts that above the energy 
of 2Ed the number of defects scales linearly with the energy of the PKA up to threshold cut-
off energy. This model has been further developed by others, including the current 
International standard model for calculating damage versus energy developed by Norgett, 
Robinson and Torrens (NRT). Whilst the Kinchin-Pease model ignores the contribution to 
displacements from inelastic scattering the NRT model includes this into the calculations. 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 61 
 
 
 
Figure 4.4.3.1: The primary knock-on atom energy versus the number of displaced atoms 
within a collision cascade based on the Kinchin-Pease model [144]. 
 
 
The NRT model predicts PKA damage energy given by the following formula; 
 
𝑣𝑣(𝐸𝐸) =  𝐸𝐸1 + 𝑘𝑘𝑘𝑘(𝜀𝜀) 
 
In the above formula, 𝑘𝑘, is Lindhard’s reduced electronic energy loss factor and 𝑘𝑘(𝜀𝜀) is a 
parameter in Lindhard’s theory. 
𝑘𝑘 = (0.1337 𝑎𝑎𝑇𝑇𝑎𝑎1 2� )𝑍𝑍2 3�
𝑀𝑀
1
2�
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𝑘𝑘(𝜀𝜀) =  𝜀𝜀 + 0.40244𝜀𝜀3 4� + 3.4008𝜀𝜀1 6�  
And 𝜀𝜀 is the reduced energy given by; 
 
𝜀𝜀 =  𝐸𝐸(86.93 𝑒𝑒𝑉𝑉)𝑍𝑍7 3�  
 
The NRT model is, like the Kinchin Pease, an ideal model in which any defects created 
remain and recovery of crystallinity is not considered.  
 
4.4.4 Displacements Per Atom (dpa) 
 
A “common currency”, the displacements per atom (dpa), is often used to compare 
radiation doses between different materials, different ions and energies, neutrons and 
neutron spectra. The value of dpa refers to the average of how often the lattice atoms are 
displaced from their original lattice positions, so a value of 1 means each lattice atom has 
been displaced at least once. It is possible to have dpa values in excess of 1, meaning each 
lattice atom has been displaced multiple times. In fact, materials proposed for next 
generation fission reactors and also fusion reactors are required to maintain structural 
integrity to dpa values in the tens to hundreds. 
 
The dpa value is calculated based on the fluence, 𝜑𝜑, of particles interacting with the 
material and the effective displacement cross-section, 𝜎𝜎𝑑𝑑. The effective displacement cross-
section consists of the number density of lattice atoms and the probability of elastic 
collision between the high energy particle and lattice atoms resulting in a displacement. 
Calculation of dpa is based on the following equation [151]; 
 
𝑑𝑑𝑑𝑑𝑎𝑎 =  𝜑𝜑𝜎𝜎𝑑𝑑 
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4.5 Radiation-Induced Microstructural Evolution 
 
The production of Frenkel-pair, interstitial vacancies, requires a PKA with sufficient 
energy, above the lattice atom threshold displacement energy (Ed). As discussed earlier, 
there are a variety of Ed values for each lattice atom, with values dependent on the local 
lattice structure. For ceramic materials there are generally sub-lattices and these will also 
affect Ed values. 
 
The rate of damage accumulation is dependent on both the rate of production of Frenkel-
pairs and on the simultaneous rate of interstitial-vacancy recombination. This recovery rate 
is influenced by several factors: the mass and energy of the irradiating ion, the temperature 
of the irradiated material, and the intrinsic properties of the material. The migration 
enthalpies for the interstitials and vacancies define their mobility and will determine the 
final fate of these defects. There are several potential fates for these mobile defects 
including interstitial-vacancy recombination, agglomeration into clusters of defects, or 
homogeneous distribution (as shown in Figure 4.5.1). Each of the above will lead to a 
different scenario; the recombination of interstitials and vacancies will result in crystallinity 
being maintained and is an integral property for any radiation tolerant material, clustering 
of defects will lead to volume swelling, eventual micro-cracking and structural failure if the 
cluster size is not limited, and homogeneous accumulation of defects will eventually lead to 
amorphisation.  
 
The mobility of defects is greatly influenced by temperature. At lower material 
temperatures the interstitial defects usually have greater mobility than the vacancies. Under 
these conditions, the irradiation induced defect concentration of both interstitials and 
vacancies will initially increase at a simultaneous rate. With increasing fluence, the 
concentration of interstitials will eventually reach a steady state. This steady state is due to 
a decrease in interstitials lost to interstitial loops, or movement to the material surface or 
grain boundary, at a rate comparable to irradiation induced interstitial creation. Whilst 
interstitial concentration will reach a steady state, the vacancy concentration will continue 
to increase. 
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At higher temperatures the mobility of both vacancies and interstitials increases and as a 
consequence interstitial-vacancy recombination becomes more efficient.  
 
 
 
Figure 4.5.1: A high energy ion is incident on a region of lattice atoms causing 
displacement and resulting in the formation of Frenkel-pairs (interstitials and vacancies). 
There are three different potential fates for these defects, from left to right; defects not 
mobile resulting in damage accumulation, defects mobile resulting in interstitial-vacancy 
recombination, defects mobile resulting in nucleation of defects (here a vacancy loop is 
shown). 
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4.6 Amorphous fraction 
 
In the majority of cases, exposure of a ceramic, crystalline, material to high-energy 
particles, such as in alpha-decay or accelerated ions, results in the transition from a 
crystalline to amorphous phase. There are some exceptions to this including: modified 
fluorite structured zirconia (ZrO2), PuO2 and UO2 (all of fluorite structure) [102]. If a 
material is held at sufficient temperature, a majority of ceramics have a critical temperature, 
above which damage recovery either meets or exceeds damage accumulation rates, 
meaning crystallinity is maintained. 
 
There are a variety of damage accumulation mechanisms that lead to the crystalline-to-
amorphous phase transition. Homogeneous amorphisation is due to the progressive 
accumulation of defects. Amorphisation occurs once a critical defect concentration is 
reached making it energetically possible for the phase transition to occur. 
 
In ceramics, the amorphisation process tends to occur heterogeneously in a majority of 
cases. There are several possible mechanisms for heterogeneous amorphisation to occur 
including [152]; 
i. Direct impact – amorphisation occurs locally within individual damage cascades. 
ii. Cascade overlap – the overlap of damage cascades results in high defect 
concentrations. 
iii. Nucleation – mobility of point defects allows them to aggregate. 
iv. Interface control – this is diffusion related and more often refers to ballistic mixing 
in intermetallics. 
v. Combinations of the above. 
 
The effects of these damage accumulation mechanisms can be seen in the rate of 
amorphous fraction increase with increasing fluence (shown in Figure 4.6.1). 
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Figure 4.6.1: The amorphous fraction versus normalised fluence displaying the effects of 
various damage accumulation processes: (A) defect accumulation, (B) interface control, (C) 
cascade overlap, (D) direct impact, and (E) direct impact with cascade twice as large as in 
(D) [102]. 
 
 
The defect accumulation process shown in Figure 4.6.1 (A) is an example of the 
homogeneous distribution of defects, showing that when a critical concentration of defects 
is achieved, a sudden increase in amorphous fraction results. The cascade overlap model 
(Figure 4.6.1 (C)) requires the defect concentration to reach a critical concentration for 
local amorphisation to occur, which is achieved by multiple damage cascades overlapping. 
In this example, the amorphous fraction significantly increases early in the normalised dose 
value before tapering off toward 100% amorphisation. This tapering is due to the increased 
volume of amorphous fraction reducing the probability of subsequent irradiating ions 
interacting with the remaining crystalline fraction. This same effect is seen with the direct 
impact model (Figure 4.6.1 (D and E)). The direct impact model, where each damage 
cascade results in an in-cascade amorphisation, quickly increases the amorphous fraction 
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until the probability of interacting with any remaining crystalline volume is greatly 
reduced. 
 
These models look at the formation of defects and subsequent amorphous fraction increase, 
but do not include the effects of either irradiation-assisted or temperature-assisted recovery. 
Damage accumulation and recovery models will be more thoroughly reviewed in the 
following section. 
 
4.7 Damage Accumulation Models 
 
A variety of models have been developed to describe particle-solid interaction and the 
mechanisms of damage formation leading to amorphisation. Whilst the scope of this thesis 
does not allow an in depth investigation of all of these models, papers by Morehead and 
Crowder [107], and Gibbons [103] provide models that act as a good basis for describing 
these mechanisms, with many more recent models being derived from these. Recent work 
by Weber [152] and Sickafus [153] will also be included to add to this review.  
 
The defect-accumulation model, described in the previous section, assumes the 
homogeneous distribution of defects with amorphisation being achieved at some critical 
concentration of defects. This can be modelled using a rate theory, however, due to few 
ceramics being observed to undergo this form of damage process this model will not be 
covered further. 
 
The interaction of a high energy ion with the lattice creates a sequence of collision events 
often referred to as a collision or displacement cascade. The size of the displacement 
cascade and the concentration of defects are strongly dependent on the mass of the 
irradiating ion. Heavier ions tend to give a high density of displaced atoms, whilst lighter 
ions tend to penetrate deeper into the lattice, but with lower defect concentration being 
created around the ion path. Examples of simulated displacement cascades created by 
heavy and light ions are shown in Figure 4.7.1 to highlight the differences. 
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Figure 4.7.1: Simulated ion path and displacement cascades for (a) He 100 keV into 
Gd2TiO5 and (b) Kr 100 keV into Gd2TiO5. Note the scale of the window changes (a) to (b) 
from 5000 to 1000 Angstrom. Simulations carried out using software SRIM [138]. 
 
 
It is not only the size and distribution of displacement cascades that is of interest, but also 
the effect on the damaged region. The damage region may: 
i. Undergo a solid state phase transition from one crystal to another crystal structure. 
ii. Undergo a phase transition from crystalline to amorphous. 
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iii. Acquire an increment of defect concentration with subsequent displacement 
cascades accumulating higher defect concentration until a critical limit is reached 
and a crystalline to amorphous transition occurs. 
iv. Allow mobilisation of defects for long enough to allow crystallinity recovery. 
 
The direct-impact model, first described by Gibbons [103], assumes that each impacting 
ion will create a damage region and that within this displacement cascade there is a 
transition from crystalline to amorphous and no crystallinity recovery. If we were to take a 
planar view of the damage cross-section, parallel to the direction of the incident ion, we 
would see areas of damage created by each incident ion. In Figure 4.7.2, a simplified 
version of this planar view is shown where amorphous regions, represented as black spots, 
are created by displacement cascades. 
 
With each irradiating ion an amorphous region is created within the crystalline lattice 
resulting in an increase in amorphous fraction. With each increase in amorphous fraction 
there is a corresponding decrease in crystalline fraction. As the amorphous fraction 
becomes the dominant phase present the probability of further irradiating ions interacting 
with a crystalline region decreases. This results in an initial rapid increase of amorphous 
fraction with increasing fluence followed by a tapering in amorphous fraction increase rate 
(as shown in Figure 4.6.1 (D and E)). 
 
The amorphous fraction accumulation with increasing dose according to the direct model 
can be calculated using the following formula; 
 
𝑓𝑓𝑙𝑙 =  1 −  𝑒𝑒−𝐴𝐴𝑖𝑖𝜑𝜑 
 
Here, Ai refers to the amorphous area (the black spots shown in Figure 4.7.2) and φ is the 
total dose of irradiating ions. 
 
If a concentration of defects is created within the damage region that is insufficient for the 
complete amorphisation described by the direct-impact model, a different model, cascade 
overlap, may be used. The cascade overlap models were also originally developed by 
Gibbons.  
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Figure 4.7.2: The direct-impact model proposed by Gibbons [102], here showing the planar 
view of regions of phase transformation, amorphisation, represented as black spots. Each 
black spot represents the cross-section of damage created by the ion beam path creating 
subsequent displacement cascades. 
 
Figure 4.7.3, like Figure 4.7.2, shows a planar view of the damage regions. However, this 
time, instead of the black, grey spots are used to describe regions of damage but not 
amorphisation. The amorphisation of damage regions is not achieved until there is overlap 
of the damage zones where a greater concentration of defects is achieved. The example 
shown in Figure 4.7.3 is of the single cascade overlap model where only one overlap is 
sufficient to create the critical concentration of defects required for the crystalline to 
amorphous transition. 
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Figure 4.7.3: The single cascade overlap model proposed by Gibbons [102], here showing 
the planar view of regions of ion induced damage, represented as grey spots. Each grey spot 
represents the cross-section of damage created by the ion beam path creating subsequent 
displacement cascades. The overlap of damage regions creates a critical concentration of 
defects facilitating amorphisation, shown as the darkened overlap region. 
 
 
In the single cascade overlap model the rate of accumulation of amorphous fraction is 
calculated as follows; 
 
𝑓𝑓𝑙𝑙 =  1 − [(1 + 𝐴𝐴𝑑𝑑𝜑𝜑)𝑒𝑒−𝐴𝐴𝑖𝑖𝜑𝜑] 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 72 
 
The single cascade overlap model can be extended to simulate conditions where multiple 
cascade overlaps are required before defect concentration is sufficient to create 
amorphisation. In this case the amorphous fraction can be calculated using; 
 
𝑓𝑓𝑙𝑙 =  1 − �� (𝐴𝐴𝑑𝑑𝜑𝜑)𝑘𝑘𝑘𝑘!𝑖𝑖
0
𝑒𝑒−𝐴𝐴𝑖𝑖𝜑𝜑� 
 
Here the number of cascade overlaps required to facilitate the transition from crystalline to 
amorphous is represented as n. 
 
Instead of each damage cascade creating either an amorphous region or a region of certain 
defect concentration, Sickafus [153] shows a model where the damage region consists of 
both an amorphous core and an outer sheath of a damaged (but not amorphous) region 
(Figure 4.7.4). The composite, or black and grey spot model shows three distinct regions: 
the damage zone amorphous region (black spot), the damage zone periphery non-
transformed region (grey periphery), and the undamaged crystalline lattice. In this model 
amorphisation occurs both at the central core of the damage zone and in the regions of 
cascade overlap. This model could also be described as a combination of the direct-impact 
and cascade overlap models. The amorphous fraction may be calculated using; 
 
𝑓𝑓𝑙𝑙 =  1 − (1 +  𝜎𝜎𝐶𝐶𝜑𝜑 −  𝜎𝜎𝑙𝑙𝜑𝜑)𝑒𝑒(−𝜎𝜎𝑡𝑡𝜑𝜑) 
 
Here 𝜎𝜎𝐶𝐶 is the total damage cross-section (disordered and amorphous), 𝜎𝜎𝑙𝑙 is the amorphous 
cross-section, and 𝜑𝜑 is the fluence. 
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Figure 4.7.4: The composite black and grey spot model adapted from Sickafus [147] 
showing ion-induced damage regions consisting of both an amorphous core and a damaged 
outer periphery where no crystalline to amorphous transition has occurred. As with the 
cascade overlap model, the overlap of damage cascades results in amorphisation at the 
cross-over region. 
 
The damage accumulation models described so far have all had the one thing in common; 
there is no allowance for crystalline recovery. The Morehead and Crowder [107] model 
incorporates the effects of temperature assisted recovery. 
  
The Morehead and Crowder model is based on the following; 
i. The irradiating ion displaces atoms creating PKA’s, which cause subsequent 
displacement of lattice atoms. The irradiating ion loses energy via collisions until 
coming to rest after ~ 10-13 seconds. 
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ii. A thermal spike surrounding the ion-damage track is created and dissipates in ~ 10-
12 seconds leaving a highly disordered region. 
iii. The displaced atoms and vacancies have a period of mobility, ~ 10-9 seconds, before 
forming stable positions. Vacancies may escape the damage zone during this period 
via thermal diffusivity. 
iv. This results in an inner-core of damage where an insufficient number of vacancies 
have escaped leaving an amorphous zone. 
v. Where vacancies have had sufficient time to diffuse out the outer sheath of this 
damage zone will remain crystalline. 
 
The effect of this process is shown in Figure 4.7.5 where a cylinder (arbitrary damage zone 
shape) is used to describe the damage cascade zone. 
 
 
 
Figure 4.7.5: The damage region surrounding the damage cascade created via the 
interaction between a high-energy ion and a crystalline solid. The damage zone is displayed 
as an idealised cylindrical shape. Vacancies escape from the outer sheath with this area re-
crystallising whilst the inner core of damage becomes amorphous. This figure was taken 
directly from work published by Morehead and Crowder [107]. 
 
In Figure 4.7.5, the radius of the amorphous region, R0, is primarily dependent on the ion 
type and its associated nuclear stopping power. The size of the outer damage zone sheath, 
δR(T), or the recrystallised region, is dependent on the material’s temperature. 
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Greater detail of the time versus fundamental processes of a cylindrical damage cascade is 
given in Figure 4.7.6 described by Zhang et al. [139]. 
 
 
Figure 4.7.6: A schematic illustration of the processes involved in the formation of a 
cylindrical damage cascade due to the target material being exposed to a swift heavy ion. 
This image is a direct copy of that from the published work of Zhang et al. [133].  
 
 
According to the Morehead and Crowder model, the size of the amorphous region is 
dependent on the rate of vacancy diffusion, which is temperature-dependent. They use the 
following equation to describe the dose required, with respect to temperature, to render the 
target lattice amorphous; 
 
𝐷𝐷(𝑇𝑇) =  𝐷𝐷0[1 −  2(𝑡𝑡𝐷𝐷𝑣𝑣0𝐸𝐸𝑛𝑛2)1 2� �𝑑𝑑𝐸𝐸 𝑑𝑑𝑥𝑥� �0−1 2� 𝑒𝑒�𝑑𝑑𝑑𝑑 2𝑘𝑘𝑇𝑇� �]−2 
 
where 𝐷𝐷0 is the dose required to yield amorphisation in the absence of vacancy out-
diffusion, t is the time vacancies are mobile (~ 10-9 seconds) after the disordered region is 
created, 𝐷𝐷𝑣𝑣0 is the vacancy diffusion rate (in this equation this is a constant), E is the 
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effective displacement energy, 𝑛𝑛2 is the number of target atoms (cm
-3), 𝑑𝑑𝐸𝐸 𝑑𝑑𝑥𝑥�  is the energy 
loss per unit length for the ion, 𝐸𝐸𝑑𝑑 is the activation energy for diffusion, k is the Boltzmann 
constant and T target temperature.  
 
The amorphous fraction accumulation rate from this model is a balance between 
amorphous cross-section creation and recrystallised cross-section and is temperature-
dependent. As temperature is increased, the recrystallisation cross-section is increased until 
it reaches a critical point where the recrystallisation rate is equal or greater than the 
amorphisation rate. For amorphisation to occur the temperature must be kept below this 
critical temperature, Tc, otherwise crystallinity will be maintained regardless of final 
irradiating ion fluence. 
 
4.8 Modelling damage (SRIM) 
 
The production of defects via ion-solid interactions and the recovery mechanisms involved 
occur over the sub-nano-second timescales making experimental observation currently 
impossible. To gain a greater understanding of the fundamentals of damage evolution 
computer simulation must be applied. 
 
There are a variety of computer simulation approaches that may be applied, one of the most 
common and the one used throughout this thesis is the Monte Carlo approach. The Monte 
Carlo method employs the binary collision model described earlier. One of the more often 
cited programs, Stopping Range of Ions in Matter (SRIM) [144] uses the Monte Carlo 
method to determine ion ranges and damage distributions. This is a statistical approach 
where the ion-solid interaction is simulated repeatedly to gain an averaged range and 
damage distribution. 
 
SRIM is used to calculate: stopping rates via nuclear (elastic scattering), electronic 
(inelastic scattering), angular scattering, energy distribution, particle trajectories, and defect 
versus depth distribution. An example of a damage depth profile generated using the SRIM 
software is shown in Figure 4.8.1. This is a statistically generated plot averaged from 
10,000 repeated ion-solid interactions (Kr 1 MeV ions into the ceramic oxide Gd2TiO5). 
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Integration under the curve gives the average total number of displacements per irradiating 
ion. One of the factors not considered in this displacement calculation is interstitial-vacancy 
recombination due to subsequent damage cascades occurring near to where local defects 
were previously created. This will have the effect of overestimating the total defects due to 
ion irradiation. Also not included in the SRIM calculation are the crystal structure, and the 
consideration of either ion-irradiation or thermally-assisted recrystallisation. Despite these 
factors not being considered in the SRIM damage-depth profile calculations, satisfactory 
estimates of these damage distributions and standard reference values are achieved [154].   
 
 
Figure 4.8.1: The SRIM based calculation for 1 MeV Kr ions interacting with the complex 
ceramic oxide Gd2TiO5 and the corresponding average of target atom displacements versus 
target depth. 
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5.  Aims and scopes of this thesis  
 
The quest to design new materials, specifically engineered to incorporate and encapsulate 
radioactive waste, known as waste-forms, requires validation. One of the major property 
requirements for waste-form matrix materials is tolerance of exposure to high energy 
particles. Specifically, waste form materials require tolerance to the detrimental effects of 
alpha-decay and the subsequent local damage created from the recoil nucleus. 
 
The use of accelerated ions to simulate alpha-decay damage is a well  approach for 
measuring radiation response. It allows control of the test specimen (composition, 
crystallography and chemistry), the irradiating ion size and energy, and specimen 
environment. This approach also allows results to be attained in a timely and reproducible 
manner [28]. 
 
The Ln2TiO5 compounds are isostructural with several of the proposed phases in the 
SYNROC waste-form and have also been found as secondary phases within one of those 
phases; pyrochlore titanates Ln2Ti2O7. The Ln2TiO5 compounds have potential for use as 
waste-form matrix constituents, but relatively little detailed information about the 
properties relevant to their radiation tolerance is presently available. The system of Ln2TiO5 
compounds with orthorhombic symmetry, isostructural with a major SYNROC phase, 
perovskite, has been systematically studied for radiation response to establish trends and to 
ultimately find compositions of high tolerance. This is covered in chapter 7.1. 
 
One compound from this system, Dy2TiO5, has already found application within certain 
nuclear fuel matrices acting as a burnable poison [80]. Studies of this particular compound 
have shown good radiation response, particularly when the Dy2TiO5 is of cubic symmetry 
[80]. There are a variety of other Ln2TiO5 compounds with cubic symmetry, so this 
provides the opportunity to test new materials for their radiation response. Some of the 
cubic symmetry compounds are covered in chapters 6.2, 7.2, 7.3, and 7.4. 
 
The type of crystal structure is often highlighted as an important characteristic when 
considering radiation response. Grouping materials into space groups allows trends in 
radiation response across different symmetries to be explained. Crystallographic details are 
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also the starting point for any further material characterisation such as the determination of 
atomic packing fraction, density calculations and/or bond modelling. A thorough 
investigation of the crystallography for many of the Ln2TiO5 compounds has been carried 
out here and is covered in detail: orthorhombic symmetry (chapter 6.1), the four main 
Ln2TiO5 symmetries (chapters 6.2 and 7.2), and the cubic symmetries (chapter 7.4).  
 
The in-situ ion-irradiation approach was used throughout these radiation response studies 
(chapters 7.1, 7.2, 7.3, and 7.4). We sought to further validate this approach by using a new 
method for determination of the radiation response, defined by the critical temperature of 
amorphisation (Tc). This was achieved by comparing Tc values attained for a series of 
Ln2TiO5 compounds with cubic symmetry, via the in-situ approach, with measurements 
from bulk samples that were irradiated ex-situ, characterised using cross-sectional TEM. 
The results of this study are covered in chapter 7.4. 
 
In brief the aims of this thesis are; 
 
1. Test the radiation response of a series of Ln2TiO5 compounds with orthorhombic 
symmetry, establishing trends and determining suitability of these materials for 
wasteform application. 
2. Characterisation of the crystal structure of a range of Ln2TiO5 compounds, 
including all the major symmetry types. 
3. Test, systematically, the radiation response for each major Ln2TiO5 crystal 
structure. 
4. Validate the in-situ ion-irradiation approach used for radiation response studies by 
comparison with a newly-developed ex-situ cross-sectional TEM approach. 
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6. Crystal structures in the Ln2TiO5 system 
 
The use of ceramic waste-forms allows high percentage waste loading with a range of 
element uptake and an ability to maintain structural integrity upon exposure to radiation, in 
particular alpha-decay (chapter 2). One of the major determining factors in assessing a 
materials’ suitability for use as a waste-form is its resistance to radiation-induced damage. 
The irradiation induced damage can lead to bubble formation, volume increase, micro and 
macro cracking, and embrittlement, leading to loss of structural integrity and leaching of 
radionuclides. The crystallographic detail of any proposed waste-form matrix is required to 
better understand the radiation response mechanisms at play. The Ln2TiO5 compounds 
share some of the same structures with several of the phases found within SYNROC (the 
most heavily studied ceramic waste-forms, chapter 2). 
 
There are four major crystal structure types within the Ln2TiO5 system; orthorhombic, 
hexagonal, cubic (Fd-3m), and cubic (Fm-3m). While crystal-structure-focussed 
publications exist for a variety of the Ln2TiO5 compounds this chapter aims to cover this 
system in greater detail and add new compounds by using a systematic approach. This 
chapter includes two sub-chapters, consisting of the following publications: 
 
6.1 Crystal chemistry of the orthorhombic Ln2TiO5 compounds with Ln = La, Pr, Nd, 
Sm, Gd, Tb and Dy. (R. D. Aughterson, G. R. Lumpkin, G. J. Thorogood, Z. Zhang, 
B. Gault and J. M. Cairney, Journal of Solid State Chemistry 227(2015): 60-67) 
6.2 Crystal structures of orthorhombic, hexagonal, and cubic compounds of the 
Sm(x)Yb(2-x)TiO5 series. (R. D. Aughterson, G. R. Lumpkin, M. d. l. Reyes, N. 
Sharma, C. D. Ling, B. Gault, K. L. Smith, M. Avdeev and J. M. Cairney, Journal 
of Solid State Chemistry 213(2014): 182-192) 
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6.1. Crystal Chemistry of the Orthorhombic Ln2TiO5 compounds with 
Ln = La, Pr, Nd, Sm, Gd, Tb and Dy 
 
There has been interest shown in the application of Ln2TiO5 compounds with orthorhombic 
symmetry in the nuclear industry, as neutron absorbers [79, 155], in electronics as charge 
trappers [156-158], and in ionic conduction for batteries [159]. This particular crystal 
structure provides channels and unusual polyhedra providing a possible means for 
controlled ionic conduction. The orthorhombic, Pnma space group, is the same shared 
structure with a certain group of perovskites that have been highlighted as potential ceramic 
based nuclear waste-form phases [160]. For this reason, it is important to provide accurate 
crystal structure details for the orthorhombic Ln2TiO5 system of compounds. 
 
In this paper the crystal structures of seven different orthorhombic Ln2TiO5 compounds are 
thoroughly characterised using synchrotron powder x-ray diffraction, enhancing the level of 
current published detail and adding data for previously un-characterised compounds. 
Further to this, bond valence analysis was used to empirically calculate the cation and anion 
valencies. The systematic approach of investigating a series of seven out of the ten 
lanthanides in the orthorhombic Ln2TiO5 (Ln = La to Dy) series allows trends in changes to 
lattice parameters, bond lengths, and valencies, to be assessed. 
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a b s t r a c t
The crystal structures of seven samples of orthorhombic (Pnma) Ln2TiO5 compounds with Ln¼La, Pr, Nd,
Sm, Gd, Tb and Dy were reﬁned by Rietveld analysis of synchrotron X-ray powder diffraction (S-XRD)
data. With increasing size of the lanthanide cation, the lattice parameters increase systematically: c by
only 1.5% whereas both a and b by 6% from Dy2TiO5 to La2TiO5.
The mean Ti–O bond length only increases by 1% with increasing radius of the Ln cation from Gd to
La, primarily due to expansion of the pair of Ti–O3 bonds to opposite corners of the Ti–O5 square based
pyramid polyhedra. For Dy2TiO5 and Tb2TiO5, a signiﬁcant variation in Ti–O1 and Ti–O4 bond lengths
results in an increased deformation of the Ti–O5 base.
The particular conﬁguration consists of large rhombic shaped tunnels and smaller triangular tunnels
along the b axis, which have implications for defect formation and migration caused by radiation
damage or the ionic conductivity.
Crown Copyright & 2015 Published by Elsevier Inc. All rights reserved.
1. Introduction
Materials with the nominal stoichiometry Ln2TiO5 (Ln¼ lantha-
nides, yttrium) cover a range of crystal structure types including
orthorhombic, hexagonal and cubic. Factors that determine the
structure type include the lanthanide size, fabrication regime,
temperature and pressure [1–4]. The orthorhombic Ln2TiO5 com-
pounds have attracted considerable interest over the past decades
due to their interesting structural features and potential applica-
tions in the nuclear industry or as electronic devices or sensors.
The orthorhombic Ln2TiO5 compounds have Pnma symmetry.
There is no mixed occupancy between the Ln and Ti cation sites.
The two lanthanide cation sites each consist of a 7-fold monocapped
octahedron with the oxygen ions rearranged slightly away from their
ideal cubic positions to compensate for the missing oxygen [5]. The
titanium cations are surrounded by ﬁve oxygen ions, and sit slightly
offset from the base of a square pyramid. This atomic arrangement
results in channels with rhombic and triangular cross-sections that
lie parallel to the b-axis. The orthorhombic structure is shown in
Fig. 1 with the cation polyhedra also shown separately to clearly
demonstrate the unusual co-ordinations within this crystal type.
Orthorhombic Ln2TiO5 compounds have been proposed for potential
nuclear based applications [6–9]. Speciﬁcally Dy2TiO5 has been incor-
porated into inert matrix fuel acting as a neutron absorber [10] and
Gd2TiO5 has also been proposed as a neutron absorber [11]. In more
fundamental studies, the radiation tolerance of several orthorhombic
Ln2TiO5 materials has been tested via heavy ion irradiation [12,13]. The
dielectric constants of Tb2TiO5, Nd2TiO5 and Sm2TiO5 [14–16] have been
measured to assess their suitability as charge trapping thin ﬁlm layers
for electronic memory devices or as Hþ sensitive pH detectors.
Ionic conductivity is usually facilitated via the presence of site
vacancies [17] or intercalation, although there has been some research
into oxygen anion transport via mobile interstitials [18,19]. In previous
work, Shlyakhtina et al. [20] showed the oxygen ionic conductivity of
Ln2TiO5 (Ln¼Er–Lu) compounds improved from hexagonal to defect
ﬂuorite to defect pyrochlore type structures. In the compounds studied
here the orthorhombic symmetry creates rhombic and triangular
channels parallel to the b-axis and this may provide a route for ionic
interstitial transport. Lithium and sodium ion uptake in Gd2TiO5 has
been tested for a potential application in Li and Na ion batteries [21]. In
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that study there was minimal volume change during the charge/
discharge cycle with the Liþ/Naþ ions locating in the interstitial
rhombic and triangular channels.
In this paper we provide the ﬁrst structural data on Pr2TiO5 and
examine systematic variations of structural parameters with
composition of the Ln2TiO5 compounds (where Ln represents La,
Pr, Nd, Sm, Gd, Tb and Dy) putting our own data in perspective
with existing literature. This study improves on the detail of
previous data, which has mostly consisted of laboratory based x-
ray diffraction data with the exceptions of La2TiO5 studied using
synchrotron XRD and neutron diffraction [3,22] and Nd2TiO5
studied using synchrotron XRD [3].
2. Experimental methods
2.1. Sample preparation
Bulk, polycrystalline single-phase (or near single-phase) sam-
ples of each material were prepared by mixing stoichiometric
amounts of Ln2O3 (Ln¼La, Pr, Nd, Sm, Gd and Dy) or Tb4O7 and
TiO2 (Aldrich, 99.9% purity). The oxide powders were thoroughly
mixed via ball milling. Mixed powders were initially pressed into
pellets using a cold uniaxial press operated at 2.5 t and a 1.4 cm
diameter die. These pellets were further consolidated using a cold
isostatic press operated at 400 MPa. Pellets were sintered at 1330
to 1550 1C for 48 h with a heating and cooling rate of 5 1C/min.
Bulk, single-phase samples of Sm2TiO5 could not be fabricated
using the above approach. An optical ﬂoating zone furnace (Crystal
Systems Corporation, model; FZ-T-10000-H-VI-VPM-PC) was oper-
ated to produce a rod (approximately 5 mm wide by 10 mm long)
containing multiple single crystals with the desired composition.
2.2. Electron microscopy and microanalysis
Scanning Electron Microscopy (SEM) was carried out on a Zeiss
Ultra Plus Gemini operated at 15 keV, ﬁtted with an in-lens Angle
Selective Backscatter electron (AsB) detector. Backscattered electron
images were used to conﬁrm the homogenous single-phase nature
of the material with any multi-phase materials being rejected or re-
processed. The SEM was also equipped with an Oxford X-Max
Silicon Drift Detector, and the Energy Dispersive X-ray Spectrometer
(EDX) was used for conﬁrmation of stoichiometry and homogeneity
of samples. EDX data were collected and analysed using the Oxford
INCA Microanalysis software system. The purity of the samples was
conﬁrmed using SEM imaging and microanalysis. Any secondary
phases within the matrix material were detected via phase contrast
backscattered electron images. A grid was placed across the image
and the grid squares containing any secondary phase were counted
and averaged. Phase compositions were conﬁrmed by individual
point analyses. In all the samples the stoichiometry of the majority
phase was conﬁrmed by using EDX spot analysis from at least
3 locations.
2.3. UV–vis light absorbance spectroscopy
UV–vis absorption spectroscopy study was carried out on Lambda
35 UV–vis double beam spectrometer (Perkin Elmer) equipped with
a deuterium lamp and a tungsten lamp. Spectra were collected in
diffuse reﬂectance mode using the Labsphere RSA-PE-20 in the 200–
700 nm wavelength range.
The original data collected of wavelength versus reﬂectance were
ﬁrst converted to energy versus reﬂectance before we performed a
Kubelka–Munk transformation:
K ¼ ð1RÞ
2
2R
where K is reﬂectance according to the Kubelka–Munk equation and
R is the absolute reﬂectance as measured. A Tauc plot [23] of K versus
photon energy was used to extrapolate band-gap values for each
sample. A linear ﬁt to the steepest vertical section of the curves
extrapolated to the intercept of the x-axis gives the band gap value.
2.4. X-ray powder diffraction
Crystal structure data were collected using the powder diffrac-
tion beamline 10-BM-1 at the Australian Synchrotron [24]. A
vertical focussing mirror located after a double crystal monochro-
mator gives a nominal beam size of 0.50.5 mm and the X-ray
wavelength was tuned to 0.72959 Å (samples containing La, Pr, Nd
and Gd), 0.82550 Å for Sm2TiO5, and 0.82689 Å for Tb2TiO5 and
Dy2TiO5. LaB6 was used as the standard to calibrate the beamline
wavelength. The detector was a MYTHEN microstrip detector
containing 15,000 independent channels covering an 801 range,
Fig. 1. The orthorhombic crystal structure of the Ln2TiO5 (Ln¼La, Pr, Nd, Sm, Gd, Tb and Dy) series, in space group Pnma: (a) the structure viewed down [0 1 0] direction,
with shaded distorted cubes representing lanthanide polyhedra, unshaded polyhedra showing titanium with oxygen at the vertices, (b) titanium polyhedron enlarged to
show 5 co-ordinated oxygen, (c) lanthanide polyhedra enlarged to show 7 co-ordinated distorted cube.
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2θ, giving an angular resolution of at least 0.021. The channels are
grouped into 16 modules with a 0.11 gap between each module. To
compensate for the gaps diffraction patterns were collected at
2 detector positions for each sample measurement and data were
collected between 5 and 851 2θ. X-ray diffraction patterns were
reﬁned using the Rietveld approach which was achieved via the
use of computer software Rietica [25]. The ﬁtting of the calculated
intensity peak proﬁles was done using the pseudo-Voigt function,
thermal parameters were set to isotropic, background was deﬁned
using the Chebyshev polynomial and further reﬁned with the
thermal and structural parameters. The absorption effects were
taken into consideration by ﬁtting the cylindrical model initially
and ﬁxing this value during ﬁnal reﬁnement.
2.5. Bond valence analysis
Bond valence sums [26,27] were computed for the Ln1, Ln2, and
Ti sites for all seven structure reﬁnements using the following
equations:
Sij ¼ S0exp R0Rij
 
=B
  ð1Þ
Vi ¼Σ jSij ð2Þ
In Eqs. (1) and (2) Sij is the bond valence between atoms i and j
in a given bond, S0 is a constant, Rij is the bond length, R0
represents a bond length of unit valence, B is a constant, and Vi
is the bond strength sum for the coordination polyhedron. In our
analysis, we set S0¼1.0, B¼0.37, and R0¼2.172 for La, 2.138 for Pr,
2.105 for Nd, 2.088 for Sm, 2.065 for Gd, 2.049 for Tb, 2.001 for Dy
and 1.815 for Ti [28,29].
3. Results
3.1. Composition and properties
In all samples the major phase obtained in this study conformed
to the desired Ln2TiO5 stoichiometry within experimental uncer-
tainty. We observed 2% La4Ti3O12 as a second phase in the La2TiO5
sample, 3.5% Pr2Ti2O7 in Pr2TiO5, 4% Nd2Ti2O7 in Nd2TiO5 and
5% Dy2Ti2O7 in Dy2TiO5. By comparison the Sm2TiO5, Gd2TiO5 and
Tb2TiO5 samples are essentially single phase materials. Results of
the SEM-BE image analyses of the major Ln2TiO5 phases are listed in
Table 1. This table contains a summary of band-gaps, deduced from
UV–vis light absorbance spectroscopy, and both theoretical and
measured densities, measured via the Archimedean immersion
method.
The band-gap is a measurement of the energy difference between
the valence and conduction bands. The bonding between elements is
facilitated via the valence electrons so by measuring the band-gap we
hoped to qualitatively look at subtle changes in bonding across the
Ln2TiO5 series. Band-gap values (Table 1) ranged from 3.02 to 4.03 eV,
for Pr2TiO5 and Sm2TiO5 respectively and showed no systematic trend
(refer to Fig. 2a) when compared with either the reducing lanthanide
or cell size (La to Dy).
The density showed a systematic increase, 27.7%, with decreas-
ing lanthanide size and decreasing Ln2TiO5 cell volume (from La to
Dy, Fig. 2b). This increase in density is facilitated by the increase
in lanthanide mass, 17%, from lanthanum to dysprosium, and the
reduction in the cell size.
3.2. Structural reﬁnements
The obtained S-XRD data were reﬁned using the orthorhombic
structural model in space group Pnma across the entire range of
compositions. The secondary phases within the La, Pr, Nd and Dy
samples are visible in the XRD spectra, but only provided very
minor contributions to the overall data. During ﬁtting of the data,
site occupancies were initially allowed to be reﬁned but showed
little variation from their full occupancy and so were reset to full
occupancy and ﬁxed during further reﬁnements. The R-factor
ranges are Rp¼3.28–5.34%, Rwp¼3.30–7.83% and χ2¼3.57–12.03
for the seven reﬁnements. A typical ﬁt for Gd2TiO5 is shown in
Fig. 3. The goodness of ﬁt can be visualised by the ﬂatness of the
residual plot, shown in green below the diffraction pattern.
Table 1
The composition and properties (density and band-gap) of synthetic, orthorhombic,
Ln2TiO5 compounds. Density was measured via the Archimedean immersion
method using the Mettler-Toledo XS205 analytical balance.
SEM-BSE (secondary phase) ρcalc
(g/cm3)
ρobs
(g/cm3)
Band gap
(eV)
La2TiO5 2% La4Ti3O12 5.440 5.26 3.90
Pr2TiO5 3.5% Pr2Ti2O7 5.729 5.59 3.02
Nd2TiO5 4% Nd2Ti2O7 5.901 5.70 3.74
Sm2TiO5 Single phase 6.251 6.19 4.03
Gd2TiO5 Single phase 6.585 6.30 3.91
Tb2TiO5 Single phase 6.749 6.22 3.55
Dy2TiO5 5% Dy2Ti2O7 6.948 – 3.93
Fig. 2. (a) Band-gap, and (b) cell volume plotted against lanthanide ionic radii for
the Ln2TiO5 (Ln¼La, Pr, Nd, Sm, Gd, Tb and Dy) series of compounds. The cell
volume versus lanthanide radius plot has a linear ﬁt showing a very good
correlation between cell volume and lanthanide radius.
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Analysis of the powder diffraction data via Rietveld reﬁnement
has yielded values of the unit cell parameters and their errors (see
Table 2). A general linear trend can be found when comparing
changes in cell parameters versus lanthanide ionic radius as
shown in Fig. 4. Linear ﬁts to our data gave the following equations
for cell parameter size:
a¼ 5:0019 rLnð Þþ5:5035 A ̊ð Þ with R¼ 0:9979
b¼ 2:0024 rLnð Þþ1:7631 A ̊ð Þ with R¼ 0:9983
c¼ 1:1812 rLnð Þþ10:1132 A ̊ð Þ with R¼ 0:9453
The most signiﬁcant changes occur with an increase in a and b
cell parameters from Dy to La of 6.18% and 6.08%, respectively,
however the increase in c is only 1.5%. The values attained from
reﬁnements in this study are in general agreement with those
from previous studies with variations of less than 70.04 Å for
nearly all compounds and their respective cell parameters. The
two outliers were for Nd2TiO5 (Zhang et al. [3]) with deviation
Δa¼0.091 Å and Dy2TiO5 (Pannerselvam et al. [9]) with
Δa¼0.137 Å from our ﬁtted trend line. However X-ray diffraction
data in the Pannerselvam et al. study were not thoroughly reﬁned
using the Rietveld approach and the Zhang et al. study reported
Rp-values in the range of 10–18%.
The reﬁned atomic coordinates of the samples investigated in
this study are given in Table 3 and on ﬁrst inspection appear to
match reasonably well with previously published work [2–4,30].
In general, due to the stronger X-ray scattering from heavier
elements, the reﬁnements returned errors of 70.00004–0.0001
for the Ln1 and Ln2 sites and70.0001–0.0004 for the Ti site. In
comparison, the reﬁned coordinates of the O1–O5 sites have errors
in the range of 70.0005–0.001 due to the much weaker scattering
from oxygen. Nevertheless, a comparison of the atomic
coordinates of Gd2TiO5 (Table 3) with those determined by
Shepelev and Petrova [4], a single crystal X-ray diffraction study
that can probably be considered as the current benchmark for
orthorhombic Ln2TiO5 compounds, shows excellent agreement
between the two sets of data. The metal cation positions are
essentially the same to the third or fourth decimal place with the
oxygen positions generally showing good agreement to the third
decimal place.
Further comparison with the older structure determinations for
La2TiO5 (Guillen and Bertaut [22]) and Nd2TiO5 (Mueller-Busch-
baum and Scheunemann [31]) also demonstrates good agreement
(generally to the third or fourth decimal place) with the atomic
coordinates determined in this study. More recent literature data
are also available for the orthorhombic compounds with Ln¼La,
Nd, and Gd (Zhang et al.[3], Hayun and Navrotsky [2]); however,
the R-factors reported in these studies (e.g., Rp values are in the
range of 10–18%) are signiﬁcantly higher than those achieved here.
Fig. 3. An example of a Rietveld reﬁnement performed on one of the seven
compounds, Gd2TiO5. The data points are shown as (black) crosses, the calculated
values as the (red) trace, the difference between data and calculated values
(residual) is shown as a (green) trace directly below the measured and calculated
data plots, and all potential reﬂection positions are represented by (blue) markers
at the base of the plot. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Table 2
Reﬁned lattice parameters of synthetic, orthorhombic Ln2TiO5 compounds. Space group Pnma (SG# 62), Z¼4.
La2TiO5 Pr2TiO5 Nd2TiO5 Sm2TiO5 Gd2TiO5 Tb2TiO5 Dy2TiO5
a (Å) 11.00816 (2) 10.81171 (1) 10.72903 (2) 10.59170 (2) 10.48183 (2) 10.41874 (3) 10.36718 (9)
b (Å) 3.943580 (8) 3.871399 (5) 3.844894 (6) 3.796918 (5) 3.757348 (6) 3.734184 (7) 3.71741 (3)
c (Å) 11.40451 (2) 11.35017 (1) 11.35991 (2) 11.32593 (2) 11.32450 (2) 11.27061 (2) 11.23068 (9)
V (Å3) 495.088 (2) 475.077 (1) 468.618 (1) 455.482 (1) 446.003 (1) 438.489 (2) 432.820 (6)
ρcalc (g/cm3) 5.441 5.726 5.899 6.248 6.586 6.750 6.947
Fig. 4. The reﬁned cell parameters from this study combined with literature values
versus lanthanide ionic radius for the Ln2TiO5 series of compounds. Linear ﬁt to
values from this study. nLiterature data from; Guillen and Betraut [22], Muller-
Buschbaum and Scheunemann [31], Muller-Buschbaum and Werner [32], Shepelev
and Petrova [4], Mumme and Wadsley [5], Zhang et al. [3], Hayun and Navrotsky
[2], Petrova and Grebenshchikov [36], Panneerselvam et al. [9].
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As a result of this, we generally ﬁnd that agreement in the atomic
coordinates is limited to the second or third decimal place for
Ln¼La and Nd in the study of Zhang et al. [3] and the third decimal
place for Ln¼La, Nd, and Gd in the study of Hayun and Navrotsky
[2]. Together with some of the discrepancies noted above with
regard to differences in measured lattice parameters, these data
indicate that it will not be practical to make detailed comparisons
of bond lengths due to weak scattering from the oxygen sub-
lattice.
Upon examination of the self-consistent data set reported in
Table 3 in greater detail, we ﬁnd that there are some minor but
systematic changes in the atomic coordinates of the Ln1 and Ln2
cations with a minor deviation from the Ln1 trend with the Tb2TiO5
and Dy2TiO5 compounds. More signiﬁcantly, the x coordinate of the Ti
atom changes systematically from 0.193770.0002 to 0.174670.0003
from La2TiO5 to Dy2TiO5. Most of the oxygen atomic positions do not
change much within the accuracy of these reﬁnements, with the
exception of the x coordinate of the O4 atom, which changes
systematically from 0.038070.0007 to 0.011470.0007 on going
from La2TiO5 to Gd2TiO5 before increasing again to 0.015670.0006
and 0.014570.0008 for the Tb2TiO5 and Dy2TiO5 compounds,
respectively. This oxygen atom is at the apex of the Ti–O5 coordination
polyhedron (square based pyramid) and as such, the observed shift in
position follows that of the Ti atom to which it is coordinated.
Both the individual and mean metal–oxygen bond lengths
obtained from the reﬁned structures are given in Table 4 where it is
apparent that the mean Ln1–O bond length increases systematically
by approximately 5.7% from Dy2TiO5 to La2TiO5. The Ln2–O bond
length increases by 4.2% from Gd2TiO5 to La2TiO5, although there is
some minor deviation from this trend with Tb2TiO5 and Dy2TiO5
where the bond length varies little between them and that of
Gd2TiO5. These data are displayed in graphical form in Fig. 5a.
Literature data were used to calculate the mean bond lengths of
the Ln cations in Eu2TiO5 [32] and Gd2TiO5 [4] and these plot slightly
above and below the trend for themean Ln1–O distance by 0.0007 Å
and 0.006 Å, respectively, and plot below and above the trend for
the mean Ln2–O distance by 0.003 and 0.002 Å, respectively.
In contrast to the trends deﬁned by the Ln cations, there is a
considerable amount of variation in the individual Ti–O bond
length data (Fig. 5b). The value of the mean Ti–O distance obtained
from the previous structural study of Gd2TiO5 [4] compares well
with this study with only a minor difference 0.001 Å. However,
the trend value found for the mean average Ti–O compared with
the crystallographic study of Eu2TiO5 [32] shows a deviation of
0.2 Å, which may be attributed to the broad range within the
individual Ti–O values especially from the Tb2TiO5 and Dy2TiO5
compounds. The individual values of the Ti–O distances are of
particular interest as they indicate that the two long Ti–O3 bonds
increase systematically (and signiﬁcantly) from 1.96470.003 Å to
2.02970.004 Å with increasing ionic radius of the Ln cation from
Dy to La. We also ﬁnd that within experimental error there is little
change in the Ti–O5 distance, although this trend is less reliable
due to the variability of the data about the linear line ﬁt.
Interestingly, the Ti–O1 and Ti–O4 bonds are relatively constant,
with some ﬂuctuation in values, from the larger lanthanide La to
smaller Gd before varying signiﬁcantly from trend within the
Tb2TiO5 and Dy2TiO5 compounds. Overall, the individual and mean
Ti–O bond lengths show good agreement with the previous
structure reﬁnements of Gd2TiO5 cited above. The extra variation
introduced into the Ti–O1 and Ti–O4 bond length data from the
Tb2TiO5 and Dy2TiO5 compounds means there is considerable
deviation in bond length values calculated from the trend for
Eu2TiO5 in this study and those found in the previous study [32]. It
should be noted that by leaving the Tb2TiO5 and Dy2TiO5 data out
Table 3
Atomic coordinates and isotropic thermal parameters (Å2) of orthorhombic Ln2TiO5 compounds in space group Pnma obtained from synchrotron X-ray powder
diffraction data.
La2TiO5 Pr2TiO5 Nd2TiO5 Sm2TiO5 Gd2TiO5 Tb2TiO5 Dy2TiO5
Ln1 x 0.13608 (6) 0.13622 (5) 0.13621 (5) 0.13651 (4) 0.13669 (5) 0.13625 (5) 0.1358 (1)
z 0.06139 (5) 0.06064 (4) 0.05923 (5) 0.05824 (4) 0.05730 (4) 0.05747 (5) 0.05770 (7)
100aUiso 0.53 (1) 0.67 (1) 0.67 (1) 0.13 (1) 0.29 (2) 0.19 (1) 0.88 (2)
Ln2 x 0.40437 (6) 0.39916 (5) 0.39673 (5) 0.39280 (4) 0.38882 (5) 0.38771 (5) 0.38628 (9)
z 0.21485 (5) 0.21726 (4) 0.21833 (5) 0.22022 (4) 0.22171 (4) 0.22186 (5) 0.22271 (7)
100aUiso 0.63 (1) 0.74 (1) 0.68 (1) 0.17 (1) 0.31 (2) 0.28 (1) 1.04 (2)
Ti x 0.1937 (2) 0.1880 (2) 0.1859 (2) 0.1824 (1) 0.1778 (2) 0.1762 (2) 0.1746 (3)
z 0.3727 (2) 0.3749 (1) 0.3745 (2) 0.3776 (2) 0.3788 (2) 0.3799 (2) 0.3812 (4)
100aUiso 0.57 (4) 0.87 (3) 0.65 (3) 0.19 (3) 0.34 (3) 0.13 (4) 0.72 (7)
O1 x 0.2285 (6) 0.2278 (5) 0.2234 (7) 0.2291 (6) 0.2255 (7) 0.2256 (6) 0.226 (1)
z 0.5351 (5) 0.5389 (5) 0.5354 (7) 0.5383 (6) 0.5395 (6) 0.5386 (6) 0.526 (1)
100aUiso 1.0 (2) 1.1 (1) 2.0 (2) 1.2 (2) 0.8 (2) 1.1 (2) 5.6 (5)
O2 x 0.4914 (6) 0.4914 (5) 0.4944 (6) 0.4925 (5) 0.4956 (6) 0.4947 (6) 0.4984 (9)
z 0.6062 (6) 0.6044 (5) 0.6022 (6) 0.6002 (5) 0.6046 (7) 0.6059 (7) 0.606 (1)
100aUiso 0.9 (2) 0.8 (1) 0.9 (2) 0.3 (1) 0.3 (1) 0.8 (2) 0.9 (2)
O3 x 0.2628 (6) 0.2622 (5) 0.2636 (6) 0.2665 (5) 0.2658 (7) 0.2650 (6) 0.2648 (9)
z 0.8768 (6) 0.8775 (5) 0.8799 (7) 0.8807 (6) 0.8820 (8) 0.8852 (7) 0.889 (1)
100aUiso 1.5 (2) 1.3 (1) 1.6 (2) 0.5 (1) 1.1 (2) 0.8 (2) 1.1 (3)
O4 x 0.0380 (7) 0.0281 (6) 0.0249 (7) 0.0163 (7) 0.0114 (7) 0.0156 (6) 0.0145 (8)
z 0.3266 (7) 0.3326 (6) 0.3332 (6) 0.3338 (6) 0.3438 (7) 0.3434 (6) 0.3433 (8)
100aUiso 3.2 (2) 3.1 (2) 2.3 (2) 2.4 (2) 1.0 (2) 1.3 (2) 0.4 (3)
O5 x 0.2838 (5) 0.2745 (5) 0.2695 (6) 0.2656 (6) 0.2602 (6) 0.2585 (7) 0.2590 (9)
z 0.2329 (5) 0.2313(5) 0.2326 (6) 0.2323 (6) 0.2321 (6) 0.2312 (7) 0.2319 (9)
100aUiso 0.6 (1) 1.4 (1) 1.0 (2) 0.7 (1) 0.7 (2) 2.6 (3) 0.2 (3)
Rp 5.34 4.43 4.81 2.98 3.54 2.28 2.88
Rwp 7.83 6.21 6.69 4.17 5.13 3.30 4.22
χ2 12.03 7.46 8.23 3.84 3.57 4.16 7.87
a All atoms are located on Wyckoff 4c sites in space group 62 (Pnma). In the above table, y¼0.75 for the Ln2 site and y¼0.25 for all other atomic positions. Equivalent
positions for 4c are (x, 1/4, z), (xþ1/2, 3/4, zþ1/2), (x, 3/4, z), and (xþ1/2, 1/4, zþ1/2).
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of the Ti–O distance trend calculations there is a good agreement
between the average bond length and the previously reported
values for Gd2TiO5 and Eu2TiO5.
3.3. Bond valence sums
The bond valence analysis summarized in Table 4 indicates that the
7 coordinated Ln1 site is reasonably close to the ideal bond valence sum
of 3.0 (range¼2.91–3.10 v.u.), slightly under-bonded on average, with
ﬂuctuations and perhaps a slight increase in trend values from La to Tb
before a signiﬁcant reduction in value to 2.71 v.u. for Dy. The Ln2 site, on
the other hand, is consistently over-bonded with values ranging from
3.04 to 3.30 v.u. and a slight decrease in trend values from La to Tb
before another signiﬁcant reduction in value for Dy to 2.70 v.u. Results
for the Ti site also indicate that the bond valence sum is close to the
ideal value of 4.0 (range¼3.84–4.33 v.u.), again with some variation in
data but a possible slight increase in trend values with decreasing Ln
ionic radius from La to Tb before a signiﬁcant increase for Dy to 4.80 v.u.
In order to investigate the potential effects of bond valence on the
stability of the orthorhombic structure, we have also redistributed the
individual bond valences to obtain the sums to the ﬁve different
oxygen atoms in this structure (Table 5). Results of these calculations
suggest that there are no major systematic trends in the data for the
O1 and O5 atoms, which are approximately 3–17% and 9–19% over-
bonded respectively. However, the O1 atom is only slightly over-
bonded, 2.06 to 2.14 v.u., from La2TiO5 to Tb2TiO5 before increasing
dramatically to 2.34 v.u. for Dy2TiO5. In the case of the O2 atomwhich
is only coordinated to the Ln1 and Ln2 cations this analysis indicates
that there is a systematic decrease in the bond valence sum from 1.94
(La2TiO5) to 1.77 v.u. (Tb2TiO5) before a dramatic decrease to 1.63 v.u.
for Dy2TiO5. For the O3 atom, which is coordinated to the Ln1, Ln2, and
two Ti atoms, we ﬁnd that the bond valence sum increases steadily
from1.81 v.u. for La2TiO5 to 2.12 v.u. for Tb2TiO5 before reducing
slightly to 2.07 v.u. for Dy2TiO5.
4. Discussion and conclusions
The crystal structure of the orthorhombic Ln2TiO5 type is an
interesting one, comprised of pairs of edge sharing columns of Ln1
Table 4
Bond lengths and bond valence sums (Vij) for the Ln–O and Ti–O polyhedra.
La2TiO5 Pr2TiO5 Nd2TiO5 Sm2TiO5 Gd2TiO5 Tb2TiO5 Dy2TiO5
Ln1 –O12 2.490 (3) 2.443 (3) 2.457 (8) 2.383 (4) 2.379 (4) 2.367 (4) 2.37 (2)
–O22 2.474 (5) 2.429 (3) 2.429 (3) 2.387 (4) 2.395 (4) 2.376 (4) 2.385 (6)
–O20 2.488 (8) 2.441 (5) 2.383 (3) 2.355 (6) 2.355 (7) 2.359 (7) 2.33 (1)
–O3 2.525 (9) 2.485 (6) 2.453 (3) 2.437 (6) 2.403 (8) 2.360 (8) 2.32 (1)
–O5 2.544 (9) 2.447 (6) 2.435 (3) 2.399 (6) 2.366 (7) 2.336 (8) 2.336 (9)
Mean 2.498 2.445 2.435 2.390 2.382 2.363 2.36
Vij 2.91 3.05 2.97 3.10 2.98 3.00 2.71
Ln2 –O1 2.519 (7) 2.446 (6) 2.445 (7) 2.432 (6) 2.386 (7) 2.379 (7) 2.50 (1)
–O2 2.341 (8) 2.345 (6) 2.349 (3) 2.369 (6) 2.311 (7) 2.296 (8) 2.26 (1)
–O3 2.607 (6) 2.520 (6) 2.515 (3) 2.480 (6) 2.434 (8) 2.433 (7) 2.44 (1)
–O42 2.505 (5) 2.452 (4) 2.435 (2) 2.385 (4) 2.394 (4) 2.409 (4) 2.402 (6)
–O52 2.386 (3) 2.364 (3) 2.363 (5) 2.332 (4) 2.315 (4) 2.304 (4) 2.282 (5)
Mean 2.464 2.420 2.415 2.388 2.364 2.362 2.37
Vij 3.27 3.30 3.16 3.14 3.14 3.04 2.70
Ti0 –O1 1.891 (7) 1.911 (6) 1.872 (2) 1.887 (7) 1.887 (7) 1.861 (7) 1.709 (9)
–O32 2.029 (4) 2.009 (2) 1.998 (2) 1.975 (2) 1.970 (2) 1.966 (2) 1.964 (3)
–O4 1.793 (9) 1.794 (7) 1.790 (9) 1.827 (7) 1.789 (7) 1.724 (6) 1.713 (9)
–O5 1.877 (6) 1.879 (6) 1.844 (3) 1.867 (6) 1.873 (7) 1.882 (8) 1.892 (9)
Mean 1.924 1.920 1.900 1.906 1.898 1.880 1.85
Vij 3.84 3.86 4.07 3.96 4.07 4.33 4.80
Fig. 5. The reﬁned bond lengths for (a) lanthanide–oxygen with linear ﬁt to Ln1–O
and exponential ﬁt to Ln2–O and (b) titanium-oxygen with linear ﬁts to Ti–O3 and
Ti–O5 and exponential ﬁts to Ti–O1 and Ti–O4. These ﬁts are to guide the eyes only.
Error bars for Ti–O3 are smaller than the data point symbol used.
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sites aligned parallel to the b axis with each column being offset by½y
and connected via the sharing of two edges per Ln1–O7 polyhedron.
These pairs of Ln1 columns (I-beams) are centred at x¼1/2, z¼1/2 and
are connected to individual edge sharing columns of Ln2–O7 polyhedra
via the sharing of a single common edge. The resulting framework
structure is completed by the Ti–O5 square based pyramids which are
connected to individual Ln2 columns via sharing of the apical O4 atom
and to the Ln1 and Ln2 columns by the sharing of all four edges of the
base of the pyramid (refer to Fig. 1). The connection of the base of each
Ti–O5 pyramid to an Ln1–Ln2 column results in the enclosure of a
vacant and highly distorted cubic site adjacent to each Ti site. An
interstitial atom within this space, if stable, may be expected to reside
somewhere near the coordinates (0.4, 1/4, 0.4). Another characteristic
feature of the structure is the occurrence of continuous large rhombic
and smaller triangular shaped tunnels running parallel to the b axis.
These features are centred at x¼1/2, z¼0 and approximately x¼0.6,
z¼0.3, respectively.
In any reasonably complex oxide structure consisting of a
framework of edge sharing polyhedra, one must consider the
effects of edge sharing on the details of the structure, properties,
and stability [33,34]. Although the Ti polyhedra play a role in the
connectivity of part of the framework structure of orthorhombic
Ln2TiO5 compounds, the framework is built predominantly by
edge sharing of the Ln polyhedra which have been referred to as
“monocapped” octahedra [4]. The Ln1–O7 and Ln2–O7 polyhedra
each share 6 edges, leaving 6 primary unshared edges for each
polyhedron (note that there are additional 2 and 3 minor edges for
each Ln1 and Ln2 polyhedron, respectively). This conﬁguration
results directly in a population of short O–O distances from shared
edges due to Ln–Ln repulsion across the shared edges, long O–O
distances from unshared edges, and considerable polyhedral dis-
tortion. In La2TiO5, for example, the Ln polyhedra exhibit shared
O–O distances of 2.9–3.2 Å and unshared O–O distances of
3.8–4.0 Å. Furthermore, all four edges of the square base of the
Ti–O5 pyramid are shared with the Ln1 and Ln2 polyhedra with
distances of 2.683 Å (2O1–O3) and 2.601 Å (2O3–O5), respec-
tively, which are short O–O distances compared with the “ionic”
model (Shannon’s revised effective radii [35] suggest ideal dis-
tances of 2.72–2.76 Å). The remaining four unshared edges of the
Ti site have O–O distances of 2.8–3.2 Å, similar to the distances
of the shared Ln polyhedral edges noted above.
The bond valence analysis suggests that the Ln and Ti cations in
six of the seven orthorhombic compounds studied here, La2TiO5 to
Tb2TiO5, are nominally charge balanced with only small deviations
(typically 710%) from the formal valence values of 3 and 4,
respectively. However, there is signiﬁcant deviation from nominal
charge balance with the Dy2TiO5 compound. With the exception of
the O1, O2 and O5 atoms, bond valence sums to the anions are also
generally within710% of the nominal value of 2 for oxygen. This
result is somewhat surprising for the O4 atom which is only
coordinated to three cations; however, with regard to the individual
bond valence contributions the structure reﬁnements demonstrate
that the consistently short Ti–O4 bond length of 1.71–1.83 Å provides
adequate compensation for the lower coordination number. In
the case of the O1 and O2 atoms, there appears to be a systema-
tic increase and decrease in bond valence sums respectively with
decreasing lanthanide size from La to Tb before signiﬁcant moves
away from the trend with the Dy2TiO5 compound. A previous study
using enthalpy formation energies for compounds La2TiO5, Nd2TiO5
and Gd2TiO5 with orthorhombic symmetry showed decreasing
thermodynamic stability with a decreasing size of lanthanide radius
[2]. This general trend is further supported by the Ln2TiO5 tempera-
ture stability diagram proposed by Shepelev and Petrova [4]. Based
on the current data set, we speculate that the decreased Ti–O1 and
Ti–O4 bond lengths in Dy2TiO5, which cause a decrease in the O1–Ti–
O3 and increase in the O1–Ti–O4 bond angles respectively, may play a
role in transforming the Ti–O5 polyhedra from a square based
pyramid to the trigonal bi-pyramid found in the hexagonal, P63/
mmc symmetry, Ln2TiO5 polymorph. This may be a possible mechan-
ism for destabilising the orthorhombic structure for lanthanides from
Gd to Ho (or Y, which has an ionic radius close to that of Ho), but this
remains to be conﬁrmed.
Acknowledgments
The authors would like to thank Dr Inna Karatchevtseva for
collection of the UV–vis absorption spectroscopy data and subse-
quent advice on data analysis. X-ray diffraction work was performed
on the powder diffraction beamline at the Australian Synchrotron
with the assistance of Prof. Brendan Kennedy and Dr. Justin Kimpton.
B. G. acknowledges that he is a full a full time employee of Elsevier
Ltd. and that this work was performed in his spare time.
Appendix A. Supporting information
Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.jssc.2015.03.003.
References
[1] R.D. Aughterson, et al., J. Solid State Chem. 213 (0) (2014) 182–192.
[2] S. Hayun, A. Navrotsky, J. Solid State Chem. (2012).
[3] F.X. Zhang, et al., J. Solid State Chem. 183 (11) (2010) 2636–2643.
[4] Y.F. Shepelev, M.A. Petrova, Inorg. Mater. 44 (12) (2008) 1354–1361.
[5] W.G. Mumme, A.D. Wadsley, Acta Crystallogr. Sect. B 24 (10) (1968)
1327–1333.
[6] K.R. Whittle, et al., Acta Mater. 59 (20) (2011) 7530–7537.
[7] K.R. Whittle, et al., J. Solid State Chem. 183 (10) (2010) 2416–2420.
[8] Aughterson, R.D., Lumpkin, G. R., Smith, K. L., Thorogood, G. J., Whittle, K. R.,
Synthesis and characterisation of Ln2TiO5 compounds, in: Material Research
Society Symposium Proceedings, 2008, p. 1107.
[9] G. Panneerselvam, et al., J. Nucl. Mater. 327 (2-3) (2004) 220–225.
[10] A. Sinha, B.P. Sharma, J. Am. Ceram. Soc. 88 (4) (2005) 1064–1066.
[11] H.S. Kim, et al., J. Nucl. Mater. 372 (2-3) (2008) 340–349.
[12] C.L. Tracy, M. Liang, J. Zhang, F. Zhang, Z. Wang, R.C. Ewing, Acta Mater. 60 (11)
(2012) 4477–4486.
[13] J. Zhang, et al., Acta Mater. 61 (11) (2013) 4191–4199.
[14] T.M. Pan, F.H. Chen, J.S. Jung, J. Appl. Phys. 108 (2010) 7.
[15] T.M. Pan, et al., Electrochem. Solid State Lett. 12 (6) (2009) G27–G29.
[16] T.M. Pan, et al., Biosens. Bioelectron. 24 (9) (2009) 2864–2870.
[17] D. Morgan, et al., J. Power Sources 119–121 (0) (2003) 755–759.
[18] X. Kuang, et al., Nat. Mater. 7 (6) (2008) 498–504.
[19] E. Boehm, et al., Solid State Sci. 5 (7) (2003) 973–981.
[20] A.V. Shlyakhtina, et al., Russ. J. Electrochem. 47 (5) (2011) 620–627.
[21] J.C. Pramudita, et al., J. Mater. Res. 30 (03) (2015) 381–389.
[22] M. Guillen, E. Bertaut, C. R. Hebd. Seances Acad. Sci. Ser. B 262 (14) (1966) 962.
Table 5
Bond valence sums (Vij) for the anions in orthorhombic Ln2TiO5 compounds.
Coordination La2TiO5 Pr2TiO5 Nd2TiO5 Sm2TiO5 Gd2TiO5 Tb2TiO5 Dy2TiO5
O1 2Ln1, Ln2, Ti 2.06(6) 2.08(3) 2.07(3) 2.12(3) 2.10(3) 2.14(3) 2.34(9)
O2 3Ln1, Ln2 1.94(5) 1.92(2) 1.88(2) 1.85(3) 1.79(3) 1.77(3) 1.63(5)
O3 Ln1, Ln2, 2Ti 1.81(3) 1.93(2) 1.96(2) 2.03(2) 2.09(2) 2.12(2) 2.07(4)
O4 2Ln2, Ti 1.87(4) 1.91(3) 1.92(4) 1.86(3) 1.90(3) 2.04(3) 2.00(5)
O5 Ln2, 2Ln2, Ti 2.33(7) 2.36(3) 2.38(2) 2.34(3) 2.32(4) 2.26(4) 2.17(6)
R.D. Aughterson et al. / Journal of Solid State Chemistry 227 (2015) 60–6766
[23] J. Tauc, R. Grigorovici, A. Vancu, Phys. Status Solidi B 15 (2) (1966) 627–637.
[24] K.S. Wallwork, B.J. Kennedy, D. Wang, AIP Conf. Proc. 879 (1) (2007) 879–882.
[25] Hunter, B., 1998. Newsletter number 20 (Summer).
[26] V. Urusov, I. Orlov, Crystallography Reports C/C of Kristallograﬁia 44 (1999)
686–709.
[27] I.D. Brown, Phys. Chem. Miner. 15 (1) (1987) 30–34.
[28] N. Brese, M. O’keeffe, Acta Crystallogr. Sect. B: Struct. Sci. 47 (2) (1991)
192–197.
[29] I. Brown, D. Altermatt, Acta Crystallogr. Sect. B: Struct. Sci. 41 (4) (1985)
244–247.
[30] M. Kasunic, et al., Acta Crystallogr. Sect. B—Struct. Sci. 65 (2009) 558–566.
[31] H. Mueller-Buschbaum, K. Scheunemann, J. Inorg. Nucl. Chem. 35 (4) (1973)
1091–1098.
[32] H. Mullerbuschbaum, J.P. Werner, J. Alloys Compd. 206 (2) (1994) L11–L13.
[33] M.J. Qin, et al., J. Phys. Condens. Matter 25 (35) (2013) 355402.
[34] G.R. Lumpkin, et al., Phys. Rev. B 77 (21) (2008) 214201.
[35] R.D. Shannon, Acta Crystallogr. Sect. A 32 (1976) 751–767.
[36] M. Petrova, R. Grebenshchikov, Glass Phys. Chem. 34 (5) (2008) 603–607.
R.D. Aughterson et al. / Journal of Solid State Chemistry 227 (2015) 60–67 67
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 90 
 
The characterisation and ion-irradiation tolerance of the complex ceramic oxides Ln2TiO5 (Ln = lanthanides) 
 
Page 91 
 
6.2. Crystal structures of orthorhombic, hexagonal, and cubic 
compounds of the Sm(x)Yb(2-x)TiO5 series  
 
The effect of crystal structure on the ion-irradiation response of ceramic materials is often 
used to explain the observed property trends [19] and to predict the response of groups of 
materials. There have been numerous crystal structure studies on the Ln2TiO5 system [27, 
76, 78, 83, 161-180], covering all of the available poly-types within this system. Most of 
these studies have focussed on one or two of the crystal structure types. In this study we 
have used a systematic approach of subtly varying the ratio of the lanthanides, samarium 
and ytterbium, as a controlled means of fabricating each of the four major structure types 
available.  
 
In this paper the four major crystal structure types for the Ln2TiO5 system, orthorhombic 
(Pnma), hexagonal (P63/mmc), cubic (Fd-3m), and cubic (Fm-3m) have been fabricated for 
the Sm(x)Yb(2-x)TiO5 series of compounds (x = 2, 1.4, 1, 0.6, and 0). Four of the five 
compounds had not previously been synthesised as bulk, single phase materials and so their 
crystal structure details were thoroughly characterised using synchrotron powder x-ray 
diffraction, along with other techniques. This approach to mixed lanthanide fabrication 
provided a controlled means of attaining all of the major Ln2TiO5 structures. The 
characterisation of these structures gives a more complete insight into the elemental 
geometry within these structure types, plus greater detail on the modulated structures within 
the hexagonal and cubic symmetry types. 
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a b s t r a c t
A series of single phase compounds with nominal stoichiometry Sm(x)Yb(2x)TiO5 (x¼2, 1.4, 1, 0.6, and 0)
have been successfully fabricated to generate a range of crystal structures covering the most common
polymorphs previously discovered in the Ln2TiO5 series (Ln¼ lanthanides and yttrium). Four of the ﬁve
samples have not been previously fabricated in bulk, single phase form so their crystal structures are
reﬁned and detailed using powder synchrotron and single crystal x-ray diffraction, neutron diffraction
and transmission electron microscopy. Based on the phase information from diffraction data, there are
four crystal structure types in this series; orthorhombic Pnma, hexagonal P63/mmc, cubic (pyrochlore-
like) Fd-3m and cubic (ﬂuorite-like) Fm-3m. The cubic materials show modulated structures with
variation between long and short range ordering and the variety of diffraction techniques were used to
describe these complex crystal structure types.
Crown Copyright & 2014 Published by Elsevier Inc. All rights reserved.
1. Introduction
Lanthanide titanates can be tailored to speciﬁc applications by
manipulating the stoichiometry, fabrication processes, tempera-
ture regimes and pressure to produce desirable electrical, mag-
netic or optical properties. The properties of these materials are
intricately related to the variety of crystal structures that are
adopted. The focus of this paper is on the Ln2TiO5 (Ln¼ lanthanides
and yttrium) system of lanthanide titanates which are refractory
ceramics that feature good thermal stability and chemical resis-
tance [1]. The Ln2TiO5 series crosses a range of crystal structures
including two cubic forms; pyrochlore-like and ﬂuorite-like.
There has been signiﬁcant research into the potential use of
titanate pyrochlores (A2Ti2O7) as nuclear wasteforms due to their
high tolerance to radiation damage [2,3]. In particular, there is an
increased radiation resistance in materials which transition from
pyrochlore to ﬂuorite type structures [4,5]. Additionally some of
the Ln2TiO5 series have been proposed for potential nuclear based
applications other than wasteforms [5–7]. A current application
example is Dy2TiO5 which is incorporated into inert matrix
nuclear fuel and acts as a neutron absorber [8]. Gd2TiO5 has also
been proposed as a neutron absorber [9] and its radiation
tolerance examined [10]. Computational modelling has been
carried out to understand Y2TiO5, in orthorhombic form, as an
inclusion in oxide dispersion strengthened (ODS) ferritic alloys
where the nano-dispersed oxide particles act to improve the
structural properties [11].
Further to nuclear-based and structural studies there has been
interest in the ion selectivity of Sm2TiO5 and its' potential use as a
urea biosensor [12]. The relatively high dielectric constant of
Sm2TiO5 allows it to act as a gate for electrolyte-insulator-
semiconductor devices.
On the basis of structural reﬁnements of a number of Ln2TiO5
compounds at atmospheric pressure, Shepelev and Petrova [1]
constructed the structure stability diagram as a function of
temperature and lanthanide cationic size (Fig. 1). Here the diagram
shows that the larger, lighter lanthanide cations (lanthanum to
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samarium) adopt the orthorhombic crystal structure, space group
Pnma, where the larger lanthanide occupies two cation sites seven
co-ordinated to oxygen whilst titanium is slightly off-set from the
base of a square pyramid. Intermediate sized lanthanides (euro-
pium and gadolinium) form a high temperature hexagonal poly-
morph, space group P63/mmc. The lanthanide exclusively occupies
an octahedrally co-ordinated A-site (0, 0, 0) whilst the reduced
lanthanide size, closer to the Ti4þ cation size, leads to partial
disordering with the titanium on the B-site (1/3, 2/3, 1/4) in a
trigonal bi-pyramid polyhedron. The smaller lanthanides (terbium
to lutetium) form high temperature polymorphs consisting of
long-range defect ﬂuorite-like structures with Fm-3m symmetry
and short-range defect pyrochlore-like structures with Fd-3m
symmetry. The ﬂuorite-like structure has complete cation disor-
dering and the Ln2TiO5 structures tend towards this as the
lanthanide cation size reduces toward that of the titanium cation.
In a separate study both La2TiO5 and Nd2TiO5 were shown to be
transformed from the orthorhombic to hexagonal structure at
pressures of 6 to 10 GPa [13]. Lau and McQueen [14] proposed
the cubic Ho2TiO5 and Yb2TiO5 structure types are predominately
comprised of a ﬂuorite-like phase with small domains of cubic
pyrochlore.
This study investigates, for the ﬁrst time, the bulk synthesis and
characterisation of ﬁve nominal compounds in the Sm(x)Yb(2x)-
TiO5 (x¼2, 1.4, 1, 0.6, and 0) series. The structure stability diagram
(Fig. 1) is overlayed with triangular points which represent the
average lanthanide radii of our Sm(x)Yb(2x)TiO5 compounds.
Based on this diagram we predict that Yb2TiO5 and Sm0.6Yb1.4TiO5
will be cubic, SmYbTiO5 will be hexagonal and Sm1.4Yb0.6TiO5 and
Sm2TiO5 will be orthorhombic.
In this study having fabricated a series of materials covering a
range of reported crystal structures for the Ln2TiO5 systemwe seek
to gain a more complete picture of the elemental geometry. From
previously published crystallographic data, it is well known that
cubic Ln2TiO5 superstructures can develop with varying degrees of
complexity due to the presence of domain boundaries that are
incommensurate with the periodicity of its basic structure [14–16].
While complex, such modulated structures can provide signiﬁcant
insight into the evolution and formation of their crystalline
symmetry and periodic sequence. Whittle et al. have shown that
by introducing greater disorder into the crystal lattice from; ideal
pyrochlore (Y2Ti2O7) to defect pyrochlore (Y2TiO5) to defect
ﬂuorite (Yb2TiO5), an improvement in damage recovery from
ion-irradiation is observed [5]. In an effort to understand these
structure-property relationships, we use joint x-ray and neutron
diffraction and transmission electron microscopy (TEM) techni-
ques to experimentally determine the extent to which displacive,
substitutional changes affect the crystal structure and composition
in the Sm(x)Yb(2x)TiO5 system.
2. Experimental
2.1. Sample fabrication
Bulk, polycrystalline samples were prepared by mixing stoi-
chiometric amounts of Sm2O3, Yb2O3 and TiO2 (Aldrich, 99.9%
purity) and pressed into pellets using a cold uniaxial press. These
were further consolidated using a cold isostatic press operated at
400 MPa. Pellets were sintered at 1550 1C for 48 h with a heating
and cooling rate of 5 1C/min.
Bulk, single-phase samples of Sm2TiO5 could not be fabricated
using the above approach. The sintered Sm2TiO5 multiphase
sample was ground to a powder using an agate mortar and pestle
and two cylindrical rods reformed using a hydrostatic press
operated at 60 MPa. The rods were mounted in an optical ﬂoating
zone furnace (Crystal Systems Corporation, model; FZ-T-10000-H-
VI-VPM-PC). Four lamps with 300 W ﬁlaments were operated
to achieve an approximate temperature of 1770 1C in the hot
zone, based on the melting temperature of Sm2TiO5, to produce
a large rod containing multiple single crystals with the desired
composition.
2.2. Single phase characterisation
Samples were characterised using scanning electron micro-
scopy (SEM) on a Zeiss Ultra Plus Gemini operated at 15 keV, ﬁtted
with an in-lens Angle Selective Backscatter electron (AsB) detector.
The backscattered electron images were used to conﬁrm the
homogenous single-phase nature of the material with any multi-
phase materials being rejected or re-processed. The SEM was also
equipped with an Oxford X-Max Silicon Drift Detector Energy
Dispersive x-ray Spectrometer (EDX) used to conﬁrm the stoichio-
metry and homogeneity of samples. EDX data was collected and
analysed using the Oxford INCA Microanalysis software system.
Further phase purity, and crystal structure, was conﬁrmed by
laboratory based x-ray diffraction.
2.3. Synchrotron powder diffraction
High resolution powder diffraction data were collected using
the powder diffraction beamline 10-BM-1 at the Australian Syn-
chrotron. A vertical focussing mirror located after a double crystal
monochromator provided a nominal beam size of 0.50.5 mm
and the x-ray wavelength was tuned to 0.72959 Å for all samples
except Sm2TiO5, where it was tuned to 0.8255 Å. Powder samples
were held in 300 μm (outer diameter) capillary tubes. The
MYTHEN microstrip detector was used and it contains 15,000
independent channels covering an 801 range, 2θ, giving an angular
resolution of at least 0.021. The channels are grouped into 16
modules with a 0.11 gap between each module. To compensate for
the gaps diffraction patterns were collected at 2 detector positions
for each measurement. x-ray diffraction patterns were reﬁned
using the Rietveld approach. The structures of the materials were
Fig. 1. Stability diagram for Ln2TiO5 series showing the expected crystal structure
type based on lanthanide cation size versus temperature. This phase stability
diagram is based on that proposed by Shepelev and Petrova [1]. Overlayed onto the
stability diagram are the ﬁve SmxYb2xTiO5 materials studied here, shown as pink
triangles. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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reﬁned using the software programs Rietica [17] and the General
Structure Analysis System (GSAS) [18].
2.4. Single crystal x-ray diffraction
The single crystal, Sm2TiO5, was analysed using single crystal
x-ray diffraction on a κ-geometry Bruker-Nonius APEX-II labora-
tory x-ray diffractometer with a MoKα source, λ¼0.71073 Å at
53 1C. Diffraction data was collected using an APEX-II detector
and processed using Bruker APEX-II software. Processing of the
data was carried out using software programs; SAINTPlus [19] for
integration, SADABS [20] for numerical absorption correction,
XPREP [21] for reduction of potential space group candidates, and
JANA 2006 [22] for the ﬁnal structural solution and reﬁnement.
2.5. Neutron diffraction
Neutron diffraction was undertaken for the Yb2TiO5 compound,
but not for the samarium containing compounds due to issues
with samarium's large neutron cross-section and subsequent
gamma emission. Powder diffraction patterns were collected using
the Echidna powder diffraction beamline at the Australian Nuclear
Science and Technology Organisation (ANSTO). Approximately 2 g
of Yb2TiO5 powder was loaded into a cylindrical vanadium con-
tainer and data were collected at room temperature using neu-
trons of wavelength 1.6215 Å.
2.6. Transmission electron microscopy
Transmission electron microscopy (TEM) specimens were pre-
pared by crushing small fragments of powdered sample and disper-
sing in ethanol. The crushed, dispersed powder was dispensed via
pipette onto holey carbon ﬁlm supported on copper grids.
TEM was carried out using a JEOL 2010F operated at 200 keV
and ﬁtted with a Thermo Energy Dispersive x-ray analysis (EDS)
system. EDS data was analysed using the Noran System Six
software to conﬁrm the stoichiometry of the lanthanides and
titanium in each sample. High resolution images were collected
using a Gatan image ﬁlter and the software Digital Micrograph was
used for image conversion, annotation and manipulation.
3. Results and discussion
3.1. Orthorhombic Sm2TiO5
Four of the ﬁve samples were conﬁrmed via SEM analysis to be
single phase and chemically homogeneous. A single-phase poly-
crystalline sample was not able to be achieved for the Sm2TiO5
sample. Consequently it was fabricated as a single crystal.
The results of powder x-ray diffraction are shown in Fig. 2
where the data and calculated reﬁned model are compared with
the residual difference plot displayed. Single crystal x-ray diffrac-
tion was used to provide more precise information on the atomic
positions. By comparing both the single crystal and polycrystalline
diffraction approaches, we provide the best possible description of
elemental geometry in the bulk Sm2TiO5 crystal structure. Inter-
estingly, there was reasonable precision, less than 0.005 Å varia-
tions, shown between the reﬁned atomic positions and cell
parameters established using these two approaches.
The two approaches, synchrotron powder and single crystal
x-ray diffraction show that the crystal structure of Sm2TiO5 adopts
an orthorhombic, Pnma symmetry. The reﬁned data also indicate
there is no mixed occupancy between the cation sites. The
lanthanide occupies two sites, both a 7-fold polyhedron consisting
of a distorted cube with one oxygen missing and the remaining
oxygens slightly rearranged from their ideal cubic positions to
compensate [23]. The titanium cation is surrounded by ﬁve
oxygens and is slightly offset from the base of a square pyramid
(refer to Fig. 3). The overall orthorhombic structure consists of
Fig. 2. The observed, calculated and difference proﬁle for Sm2TiO5 x-ray powder
diffraction. The observed data is shown as black crosses, the calculated ﬁt as the red
trace and the residual difference is shown as the green trace below the ﬁt. The
Bragg reﬂections are highlighted by blue, vertical markers just below the data and
calculated ﬁt. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Fig. 3. Crystal structure of Sm2TiO5, orthorhombic Pnma, matched with enlarged titaniumoxygen polyhedron. The open polyhedra represent the titanium oxide polyhedra
which is ﬁve co-ordinated whilst the purple represents the lanthanide oxide, seven co-ordinated.
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a framework of predominantly edge-sharing Sm–O7 and Ti–O5
sites with rhombic and triangular tunnels along the b axis.
Table 1 lists the structural parameters of Sm2TiO5 reﬁned from
single crystal x-ray diffraction data.
Initial attempts using the oxide route to fabricate the Sm2TiO5
compound resulted in a multiphase material, as was observed also
by Lyashenko et al. [24], making crystallographic characterisation
difﬁcult. By fabricating a bulk, single phase form of the Sm2TiO5
compound by utilising the ﬂoating zone furnace has now allowed
us to complete the crystallographic description of this compound.
3.2. Hexagonal Sm1.4Yb0.6TiO5 and SmYbTiO5
The hexagonal structures featured complex peak-shape pro-
ﬁles. According to the structure stability diagram (Fig. 1) the
temperature range for forming a hexagonal phase in these Ln2TiO5
systems is relatively narrow. The stability diagram would suggest
SmYbTiO5 is hexagonal and Sm1.4Yb0.6TiO5 is orthorhombic. In this
study, by using mixed ratios of samarium and ytterbium, single
phase Sm1.4Yb0.6TiO5 and SmYbTiO5 were found to have a hex-
agonal structure based on x-ray diffraction results (see Table 2).
This result was not unexpected. In a previous study, Shepelev and
Petrova [1] were able to take the hexagonal stability temperature
range for Gd2TiO5 of 1700 1C (transition point for orthorhombic
to hexagonal) to 1790 1C (melting point) and greatly extend
the temperature range by including lutetium, Gd1.8Lu0.2TiO5.
Speciﬁcally, Shepelev and Petrova noted that the temperature
ranges for fabrication of hexagonal Gd2TiO5, Gd1.8Lu0.2TiO5 and
Gd1.6Lu0.4TiO5 were 90 1C, 160 1C and 290 1C respectively (see Fig. 1
for the Gd2TiO5 result).
Based on the structural reﬁnement undertaken in this study,
the cations in the two compounds, Sm1.4Yb0.6TiO5 and SmYbTiO5,
seem to occupy two sites: one is surrounded by six oxygen ions
(on the octahedral site) and the other surrounded by ﬁve oxygen
ions (on the trigonal bi-pyramid site). The hexagonal structure of
both compounds consists of alternating layers of octahedral and
trigonal bi-pyramid layers as shown in Fig. 4.
Based on the relative size of the cations and the stoichiometry
of the compounds, it is likely that the octahedral site is completely
occupied by lanthanide ions (predominantly the larger lanthanide
samarium) and that the trigonal bi-pyramid sites contain lantha-
nide (predominantly the smaller lanthanide ytterbium) and tita-
nium ions. The mixed occupancy of Ln3þ and Ti4þ within the
trigonal by-pyramid site requires vacancies leading to a modiﬁed
hexagonal structure. This modiﬁed hexagonal structure is iso-
structural to YAlO3 [25].
In a previous study [1], vacancies were solely attributed to the
B-site (atomic position 1/3, 2/3, 1/4) and set to 20%. Our initial SEM
EDX studies conﬁrmed the stoichiometry ratios and so these were
initially ﬁxed during reﬁnement of structural models against the
x-ray diffraction data. In the ﬁnal stage, the fractional occupancies
were reﬁned constraining the total occupancies across the A and B
sites to allow for the expected vacancies. For hexagonal SmYbTiO5
there was less, approximately 10%, than the previously reported
20% vacancy found on the B-site. This could mean that the
oxidation states of the cations vary slightly from the idealised
Ln3þ and Ti4þ that is assumed. With the B-site vacancies causing
some distortion of the local structure, atomic displacement para-
meters were set to anisotropic to compensate for the disorder.
Ideally neutron diffraction would be used to conﬁrm the atomic
displacement parameters but the large neutron cross-section of
samarium hindered this approach.
Because the XRD patterns for the hexagonal compounds
showed varied peak shape we suggest that the long range
hexagonal structure is made up of multiple short-range crystal
domains small enough to be undetectable within the coherence
scattering length for x-ray analysis. Consequently, a further inves-
tigation into the short-range order of the Sm1.4Yb0.6TiO5 and
SmYbTiO5 samples were undertaken using the TEM. Here electron
diffraction showed diffuse scattering (Fig. 5). This diffuse scattering
Table 1
The cell parameters, atomic positions, atomic displacement parameters and the
statistics for goodness of ﬁt between single-crystal experimental data and calcu-
lated values are displayed. (100Uiso is the atomic displacement parameter).
Compound Atom x y z 100Uiso Occupancy
Sm2TiO5 Sm3þ(1) 0.13664(4) 0.25 0.05837(3) 0.111(13) 1
Sm3þ(2) 0.39236(4) 0.75 0.22017(3) 0.113(13) 1
Ti4þ 0.18133(14) 0.25 0.37781(11) 0.08(3) 1
O2(1) 0.2252(5) 0.25 0.5409(5) 0.11(10) 1
O2(2) 0.4922(6) 0.25 0.6040(4) 0.46(11) 1
O2(3) 0.2678(6) 0.25 0.8808(4) 0.15(10) 1
O2(4) 0.0183(6) 0.25 0.3416(5) 0.47(11) 1
O2(5) 0.2653(5) 0.25 0.2312(4) 0.14(10) 1
Orthorhombic Pnma; a¼10.5891(2), b¼3.7957(1) c¼11.3217(2), Z¼4.
hkl range 15rhr15, 5rkr5, 17r lr17.
Maximum 2θ¼32.81, number of reﬂections I43s(I)¼869.
RF (%)¼3.52, wRF¼3.77, Χ2¼2.14.
Table 2
Compounds Sm1.4Yb0.6TiO5 and SmYbTiO5 cell parameters, atomic positions, atomic displacement parameters and the statistics of ﬁt between experimental data and
calculated values.
Compound Atom X y z Fraction Occ. U11¼U22 100U11 100U33 100U12
Sm1.4Yb0.6TiO5 Sm3þ 0 0 0 0.83(1) 0.07(1) 10.34(9) 0.035(5)
Yb3þ(1) 0 0 0 0.16(1) 0.07(1) 10.34(9) 0.035(5)
Yb3þ(2) 1/3 2/3 0.25 0.293(3) 4.76(8) 0.5(1) 2.38(4)
Ti4þ 1/3 2/3 0.25 0.515(3) 4.76(8) 0.5(1) 2.38(4)
O2(1) 1/3 2/3 0.1002(8) 1 2.1(2) 14(1) 1.1(1)
O2(2) 0 0 0.25 1 12.2(8) 43(3) 6.1(4)
Hexagonal P63/mmc; a¼b¼3.680958(4), c¼11.79633(6), Sm1.68Yb0.32(Yb0.4Ti1.2)O6, Z¼1,
Rwp¼6.41, Χ2¼5.868
SmYbTiO5 Sm3þ 0 0 0 0.703(2) 0.201(8) 7.897(53) 0.101(4)
Yb3þ(1) 0 0 0 0.296(2) 0.201(8) 7.897(53) 0.101(4)
Yb3þ(2) 1/3 2/3 0.25 0.304(2) 4.540(56) 0.380(68) 2.270(28)
Ti4þ 1/3 2/3 0.25 0.603(2) 4.540(56) 0.380(68) 2.270(28)
O2(1) 1/3 2/3 0.083506(365) 1 2.719(1 8 3) 1.936(4 4 6) 1.359(91)
O2(2) 0 0 0.25 1 10.478(5 1 1) 12.52(1 1 6) 5.239(2 5 6)
Hexagonal P63/mmc; a¼b¼3.648002(4), c¼11.81937(5), (Sm1.2Yb0.8)(Yb0.4Ti1.2)O6, Z¼1,
Rwp¼4.26, Χ2¼2.299
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indicates modulation of the average crystal structure described in
Table 2. The diffuse scattering may be related to local, sub or super-
cell, ordering or to dynamic effects within the crystal although any
interpretation of the real space cause of the diffuse scattering in
these diffraction patterns is complicated due to the high number of
potential combinations leading to the same effect. To further
investigate the real space sources of diffuse regions in the diffraction
patterns dark ﬁeld (DF) images were taken from the electron
diffraction pattern using a high intensity Bragg diffraction spot for
one DF image (Fig. 5c) and a diffuse diffraction region for the second
DF image (Fig. 5d).
The dark ﬁeld images, both of which contain some of the
diffuse diffraction, show small mottled regions of the order of less
than 5 nm. The mottled regions may represent nano-domains with
Fig. 4. Ideal crystal structure (no vacancies) of hexagonal P63/mmc, matched with enlarged titaniumoxygen polyhedron. The open polyhedra represent the titanium which
is ﬁve co-ordinated to oxygen whilst the purple represents the lanthanide oxide, six co-ordinated. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Fig. 5. Four TEM images of Sm1.4Yb0.6TiO5. (a) Bright ﬁeld image showing the grain investigated, the area of interest is found on the left hand part of the grain sitting over a
carbon ﬁlm hole. An electron diffraction pattern was used to orientate the grain down zone axis [1 2 0] with dark ﬁeld images being taken from, (c) the bright diffraction
spot associated with plane (0 0 2) and (d) the diffuse region which was taken around 4.1 1/nm from the central transmitted beam toward the diffraction spot of plane (2 1 0)
as highlighted in the DP. Both DF images show nano-domains smaller than 5 nm.
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slight variations in orientation, composition, and/or crystal struc-
ture. The presence of small domains would be one possible
explanation for the variety of peak shapes found within the XRD
patterns collected for these compounds.
To further investigate modulation of the hexagonal, P63/mmc,
structure within the SmYbTiO5 and Sm1.4Yb0.6TiO5 compounds
electron diffraction was utilised. According to electron diffraction
the SAED in Fig. 6(a) viewed down zone axis [1–20] shows both
diffraction maxima from (0 0 2) to (2 1 0) planes from the
hexagonal structure plus forbidden reﬂections from plane (0 0 1).
This commensurate modulation may represent superstructure with
intermediate ordering of cation vacancies in real space. There is also
complex diffuse scattering located around the GH7Δ〈2 1 0〉n posi-
tion although its interpretation is beyond the scope of this study.
The Sm1.4Yb0.6TiO5 compound viewed down zone axis [0 0 1]
(Fig. 6(b)) shows the strong diffraction maxima from (1 1 0) to
(2 0 0) planes representative of characteristic hexagonal reﬂections
plus satellites located around the GH70.94〈1 0 0〉n and GH71.06
〈1 0 0〉n positions in reciprocal space which are indicative of an
incommensurate modulated structure. These satellites correspond
to a real space distance of approximately 62.3 Å and the pairs of
satellites 26.8 Å. Much of the reciprocal space is ﬁlled with diffuse
scattering however there are distinct regions directed along wave-
vector q〈2 0 0〉n7〈1 1 0〉n which are devoid of diffuse scattering.
3.3. Cubic (long-range ﬂuorite, short-range pyrochlore)
Sm0.6Yb1.4TiO5 and Yb2TiO5
When the average lanthanide radius of Ln2TiO5 compounds is less
than 0.9 Å, Fig. 1 indicates that their crystal structures are expected to
be cubic. Ln2TiO5 compounds exhibit two types of cubic symmetry:
pyrochlore [Ln2(Ti1.33Ln0.67)O6.67] and ﬂuorite [(Ln2Ti)O5] [5,14,15]. In
this study, two compounds, Sm0.6Yb1.4TiO5 and Yb2TiO5, were
fabricated (with average radii 0.895 and 0.868 Å respectively and
reﬁned using x-ray diffraction. Results show that these compounds
are cubic and have long range ﬂuorite-like order (see Table 3),
although some minor peaks, representative of the pyrochlore struc-
ture were found within the Sm0.6Yb1.4TiO5 XRD pattern (Fig. 7).
Discussion of the method used to establish the symmetry of the
samples and comparison with other studies follows.
3.4. Sm0.6Yb1.4TiO5
Due to additional peaks in the x-ray data (Fig. 7) for Sm0.6Yb1.4-
TiO5, the reﬁnement was initially attempted based on the pyro-
chlore structure in Fd-3m symmetry. Metal cation ratios were
established for all samples using EDX SEM spectra and ﬁxed ratios
Fig. 6. Selected area electron diffraction patterns for the Sm1.4Yb0.6TiO5 compound viewed down (a) zone axis [1–20] and (b) zone axis [0 0 1].
Table 3
Cell parameters, atomic positions, atomic displacement parameters and statistics of
ﬁt between experimental data and calculated values. Reﬁnements were carried out
using Rietica on synchrotron x-ray diffraction data for Sm0.6Yb1.4TiO5 and neutron
diffraction data for Yb2TiO5.
Compound Atom x y z 100nUiso Occupancy
Sm0.6Yb1.4TiO5 Sm3þ 0 0 0 0.69(1) 0.198(1)
Yb3þ 0 0 0 0.69(1) 0.441(1)
Ti4þ 0 0 0 0.69(1) 0.330(2)
O2 0.25 0.25 0.25 7.46 0.89(7)
Fm-3m; a¼5.137340(3), (Sm0.8Yb1.87Ti1.33)O6.67, Z¼1
Rwp¼4.24, Χ2¼2.39
Yb2TiO5 Yb3þ 0 0 0 3.67(6) 0.666(1)
Ti4þ 0 0 0 3.67(6) 0.333(3)
O2 0.25 0.25 0.25 7.96(22) 0.805(1)
Fm-3m; a¼5.09418(9), (Yb2.67Ti1.33)O6.67 Z¼1
Rwp¼4.07, Χ2¼2.21
Fig. 7. The observed, calculated and difference proﬁle for Sm0.6Yb1.4TiO5 with x-ray
powder diffraction data. The observed data is shown as black crosses, the calculated
ﬁt as the red trace and the residual difference is shown as the green trace below
each ﬁt. The Bragg reﬂections are highlighted by blue, vertical markers just below
the data and calculated ﬁt. The inset is an enlargement of a section of the
Sm0.6Yb1.4TiO5 proﬁle with small pyrochlore peaks highlighted. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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based on these results were set as constraints during the initial
Rietveld reﬁnement. Due to the difference between the cation to
anion ratio for the Ln2TiO5 system, (M3X5), when compared to the
ideal pyrochlore ratio (M4X7), there are extra oxygen vacancies
which may lead to greater distortion of the structure away from
the ideal pyrochlore. The Sm0.6Yb1.4TiO5 compound was expected
to have zero occupancy on the O(2) 8a site, as has been found
previously for the Ho2TiO5 and Yb2TiO5 systems [14], and is
usually the case with the Ln2Ti2O7 pyrochlore system. However,
based on XRD data, the oxygen O(2) 8a site, was found to be
signiﬁcantly occupied. The reﬁned structural model showed a
combination of high occupation on the 8a-site and the only
positional variable, oxygen Ox48f, reﬁning toward x¼0.375. The
model was altered from the pyrochlore-like, Fd-3m, to the ﬂuorite-
like, Fm-3m with the ﬁnal reﬁned structure details shown in
Table 3. The ﬂuorite-like, Fm-3m, has complete disordering
between the lanthanides and titanium.
Neutron diffraction is a more sensitive technique in detecting
short range order than the x-ray diffraction approach. For exam-
ple, using the peak width from neutron diffraction data, Lau et al.
[14] established that cubic compounds Ho2TiO5 and Yb2TiO5 were
comprised of crystallites of less than 50 Å in size. Neutron
diffraction data were collected for both cubic samples, Sm0.6Yb1.4-
TiO5 and Yb2TiO5. However, due to samarium's large neutron
absorption cross section, our Sm0.6Yb1.4TiO5 compound produced
data that was too noisy to reﬁne due to the absorption of neutrons
and resultant emission of gamma rays.
3.5. Yb2TiO5
x-Ray diffraction data indicated that Yb2TiO5 has a long-range
ﬂuorite-like structure and no pyrochlore-like features were
detected. The ﬂuorite structure has disordered mixing of the
ytterbium and titanium atoms, held within cubic polyhedra
(Fig. 9). There are ordered anion vacancies to allow for the non-
stoichiometric amounts of cations to anions Ln2TiO5 (M3X5) when
compared with the ideal ﬂuorite (M4X8). It was not possible to
reﬁne both neutron and x-ray diffraction data simultaneously due
to the signiﬁcant differences in sensitivity between the two
techniques to short range ordering and the oxygen structure
factor, especially considering the signiﬁcant role these character-
istics play in describing the structure. Thus the neutron and x-ray
diffraction data were reﬁned separately (Fig. 8a and b) with
neutron reﬁnement details shown in Table 3. Neutron diffraction
showed both sharp peaks, assigned to the ﬂuorite-type structure,
and broad peaks which were much too broad to reﬁne and so were
omitted from the reﬁnement procedure. These broad peaks have
been detected previously [14] and were associated with nano-
domains of pyrochlore-type structure. Reﬁnement of the neutron
diffraction data showed the oxygen vacancy to be 19.5%, slightly
more than the expected 16%.
3.6. TEM study of cubic Sm0.6Yb1.4TiO5 and Yb2TiO5
As discussed above, the Yb2TiO5 compound shows broad peaks
in the neutron diffraction pattern and the hexagonal compounds
show mottling in DF images. Consequently detailed TEM (i.e.
selected area diffraction patterns (SADP), HREM and DF) investiga-
tions were undertaken on the crystalline nano-structure of the
cubic compounds (Sm0.6Yb1.4TiO5 and Yb2TiO5).
Fig. 10 shows SADPs and DF images of Sm0.6Yb1.4TiO5 and
Yb2TiO5 in the [1 1 0] zone axis The corresponding SADPs of both
Sm0.6Yb1.4TiO5 and Yb2TiO5 show diffuse scattering in the region
of the (1 1 1) pyrochlore plane which is consistent with previous
studies of Ho2TiO5 and Yb2TiO5 [14]. The modulation wave vector
is along the 〈1 1 1〉 direction for both cubic samples which in real
Fig. 8. The ideal crystal structures (no vacancies) of (a) cubic (pyrochlore-like) Fd-3m, and (c) cubic (ﬂuorite-like) Fm-3m. The titanium polyhedra (b and d) show octahedral
and cubic structure for pyrochlore and ﬂuorite respectively. The ﬂuorite-like structure has randomly distributed cations. Red represents oxygen, blue titanium atoms and
purple, lanthanide centred polyhedra. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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space suggests some form of disorder normal to the (1 1 1) plane.
In a defect-free lanthanide titanate pyrochlore structure the
(1 1 1), (1 1 1) and (1 1 1) planes would consist of alternat-
ing lanthanide rich and titanium rich layers spaced at half (1 1 1)
plane distances. In the case of the Sm0.6Yb1.4TiO5 and Yb2TiO5
there is greater mixed occupancy between the A and B sites and
this greater disordering may give rise to the observed modulation.
Another possible source of diffuse scattering would be the pre-
sence of nano-domains.
In order to test the hypothesis that the cubic materials also
contain nano-domains DF imaging was undertaken (Fig. 10). Fig. 10
(c) and (f), shows mottled contrast of the diffuse diffraction rods,
which may be indicative of the size and shape of nano-domains.
It should be noted the mottled contrast is not conclusive evidence
for the presence of small domains, as coherence lengths also play a
role in the areas that show variations in contrast. The suspected
nano-domains occur uniformly throughout the Sm0.6Yb1.4TiO5 and
Yb2TiO5 samples and are less than 5 nm in size.
For these cubic Ln2TiO5 both pyrochlore and ﬂuorite structures
share common plane distances so it is possible that DF images
from these common diffraction spots may give uniform contrast
whereas the diffuse rods, being common only to pyrochlore would
give mottled nano-domains. The interpretation of these nano-
domains by Lau et al. [14], was of a strained local pyrochlore
structure due to a structural distortion and loss of local symmetry
which was evident in high resolution electron images. The small
size of these domains means that collectively they give rise to an
overall diffuse electron diffraction pattern. This builds on the
evidence for nano-domains within the cubic structures of the
Ln2TiO5 system. It is possible that if the entire crystal consists of
randomly orientated nano-domains of pyrochlore structure then
the overall long-range structure will appear to be ﬂuorite-like.
To further investigate whether nano-domains are present; high
resolution images were collected for the Sm0.6Yb1.4TiO5 and
Yb2TiO5 compounds. Figs. 11 and 12 include fast Fourier trans-
forms (FFT) of the real HR image and inverted FFTs (IFFTs) using
pairs of maxima from the FFT. In both Figs. 11 and 12 the FFT was
taken from the high resolution image of a crystal orientated down
the [1 1 0] zone axis, and matched well with the diffraction
pattern. In Fig. 11(c) all diffraction spots common to both the
pyrochlore and ﬂuorite structures were masked in the FFT leaving
only a pair of diffuse rods representative of the pyrochlore (1 1 1)
plane. The modiﬁed FFT was then inverted to produce an image
highlighting the lattice contrast common only to the pyrochlore
(1 1 1) planes. The inverted FFT (IFFT) (Fig. 11c) shows regions of
lattice contrast with spacing equivalent to that of the distance
between (1 1 1) pyrochlore planes. The IFFT image (Fig. 11d)
attained by masking all regions in the FFT except those relevant
to the ﬂuorite (1 1 1) plane, shows contrast from the ﬂuorite
(1 1 1) plane. The IFFT image from the ﬂuorite plane (1 1 1) is
much more consistent, than the one generated from the pyro-
chlore planes. It is even across the entire region of the image with
a few discontinuities that indicate areas of stacking faults. Small
continuous regions of lattice contrast from the pyrochlore planes
fall within small domains of varied shape, size and orientation.
These images provide further evidence for the presence of nano-
domains with a pyrochlore structure within the long-range ﬂuor-
ite structure. Fig. 11d indicates the overall structure of the material
is ﬂuorite but Fig. 11c has varied size regions of parallel contrast
ranging from three to nine lattice fringes wide that correspond to
pyrochlore domains of approximately 2 to 6 nm in width.
The same HREM and IFFT approach was also used to assess
Yb2TiO5 (Fig. 12). The IFFT from the ﬂuorite plane (1 1 1) (Fig. 12d)
showed similar continuous contrast as the Sm0.6Yb1.4TiO5 compound
(Fig. 11d) indicating the presence of long-range ﬂuorite ordering in
both compounds. The IFFT from pyrochlore plane (1 1 1) (Fig. 12c)
shows much smaller pyrochlore domains (2 nm), one of these
domains is labelled in Fig. 12c, with consistent parallel lines of
contrast. Concurrently, this suggests that the long range structure
in both cubic compounds can be described by the ﬂuorite-like space
group symmetry Fm-3m with small pyrochlore-like domains dimin-
ishing from o6 nm in Sm0.6Yb1.4TiO5 to o2 nm in Yb2TiO5.
A description of the crystallographic details for cubic materials
with stoichiometry Ln2TiO5 is complicated by the presence of
regions of broad peaks within neutron diffraction data [14] and
diffuse regions within electron diffraction patterns (Fig. 10). The
high resolution images in Figs. 11 and 12 as well as DF images in
Fig. 10 build on evidence for the presence of two crystal phases;
long-range ﬂuorite and short-range pyrochlore. In a previous
neutron diffraction study [14] it was found that the nano-
domains for Ho2TiO5 were larger (3 nm), than those for Yb2TiO5
(2 nm). The Sm0.6Yb1.4TiO5 compound showed small diffraction
peaks in the x-ray diffraction pattern (Fig. 7) indicative of the
pyrochlore structure, whilst these peaks were not detected for
Fig. 9. The observed, calculated and difference proﬁles for Yb2TiO5 using (a)
neutron powder diffraction data with omitted regions highlighted and (b) x-ray
powder diffraction data. In each plot the observed data is shown as black crosses,
the calculated ﬁt as the red trace and the residual difference is shown as the green
trace below each ﬁt. The Bragg reﬂections are highlighted by blue, vertical markers
just below the data and calculated ﬁt. The neutron powder diffraction (a) had
regions of large diffuse peaks, areas highlighted, and these were not included
during reﬁnement of data. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 11. (a) A high resolution image of the compound Sm0.6Yb1.4TiO5 showing contrast from lattice fringes and (b) the corresponding fast Fourier transform (FFT) of the HREM
image with pyrochlore related diffraction spots marked “P” and ﬂuorite marked “F”. The crystal is oriented down the [1 1 0] zone axis based on the Fd-3m structure. Image
(c) shows the inverse FFT (of (b)) with all but two opposing diffraction spots from the Fd-3m plane (1 1 1) blanked. Image (d) shows the inverse FFT (of (b)) with all but two
opposing diffraction spots from the Fm-3m plane (1 1 1) blanked. All images are at the same magniﬁcation.
Fig. 10. Series of diffraction patterns and images from the two cubic compounds (Sm0.6Yb1.4TiO5 and Yb2TiO5) fabricated for this study. Two simulated diffraction patterns
down zone axis [1 1 0] are shown ((a) and (d)) for the ideal pyrochlore and ideal ﬂuorite structures respectively. Diffraction patterns ((b) and (e)) and images ((c) and (f))
show the zone axis [1 1 0] SADP and dark ﬁeld images from Sm0.6Yb1.4TiO5 and Yb2TiO5 respectively. The DF images were taken from the diffuse rods indicated by the arrow
in diffraction patterns ((b) and (e)).
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Yb2TiO5. This difference in the detection of pyrochlore peaks
between the two cubic compounds may be attributed to the
decreasing pyrochlore domain size from Sm0.6Yb1.4TiO5 to Yb2TiO5.
Further evidence for the decrease in domain size is given by the
sharper pyrochlore (1 1 1) diffraction spots in the electron diffrac-
tion patterns (Fig. 10) for Sm0.6Yb1.4TiO5 compared with Yb2TiO5.
3.7. Structural variations in the Sm(x)Yb(2x)TiO5 series
Table 4 lists the reﬁned unit cell parameters and bond distances
of the compounds investigated in this study. The four crystal
structures in this series are orthorhombic (Pnma), hexagonal (P63/
mmc) and cubic (pyrochlore-like, Fd-3m, and ﬂuorite-like, Fm-3m)
with the crystal structure type depending on the cation size and/or
processing conditions used during fabrication.
There is decreasing ordering of the cations onto speciﬁc sites as
the structure type moves from orthorhombic to hexagonal to cubic.
The lanthanide and titanium cations are on separate, distinct sites
within the orthorhombic structure. In the hexagonal structure there
is still some order with the A-site solely occupied by the lanthanide
and the B-site titanium but there is some lanthanide which bleeds
onto the B-site. As shown in Table 2, the smaller lanthanide,
ytterbium, has the ability to move onto the B-site due to its' radius
being closer to that of titanium when compared with samarium. The
ﬁnal structure type, cubic, appears to be a combination of long range
ﬂuorite and short-range pyrochlore-like structure. With compounds
containing only the smaller lanthanides, such as ytterbium, it
becomes possible for the lanthanide and titanium to occupy the
same site. The ﬂuorite structure is face centred cubic and has cations
randomly distributed. The pyrochlore is an ordered 222 super-
cell of ﬂuorite with, in an ideal pyrochlore, a distinction between the
A-site, 8 co-ordinated, and B-site, 6 co-ordinated, containing the
lanthanide and titanium respectively. With the Ln2TiO5 stoichiometry
some bleeding of the lanthanide onto the B-site is still required to
maintain the correct cation ratio, which makes this comparable with
the order found within the hexagonal structure.
The density of the compounds increases with an increase of
ytterbium content. The increase in density is a combination of two
major factors; an increase in atomic weight by replacing samarium
with ytterbium and closer packing of the atoms with a change in
crystal structure from orthorhombic to hexagonal to cubic. Regard-
less of the increase in density with an increase in ytterbium
content, the titanium to oxygen bond length increases. The
average Ti–O bond length (Table 4) for the SmxYb2xTiO5 series
of compounds decreases as the crystal structure type moves from
the cubic to hexagonal to orthorhombic form. Bond distances are
associated with bonding type with shorter (longer) bond lengths
being associated with more covalent (ionic) bonding. Based on this
the cubic form has the greater ionic bond and orthorhombic the
greater covalent bond.
As it appears that average lanthanide cationic radius is one
determinant of structure we have used the average lanthanide
Fig. 12. (a) A high resolution image of the compound Yb2TiO5 showing contrast from lattice fringes and (b) the corresponding fast Fourier transform (FFT) of the HREM
image with pyrochlore related diffraction spots marked “P” and ﬂuorite marked “F”. The crystal is oriented down the [1 1 0] zone axis based on the Fd-3m structure. Image
(c) shows the inverse FFT (of (b)) with all but the diffraction spots from the Fd-3m plane (1 1 1) blanked with a pyrochlore domain highlighted. Image (d) shows the inverse
FFT (of (b)) with all but the diffraction spots from the Fm-3m plane (1 1 1) blanked. All images are at the same magniﬁcation.
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cationic size to establish the trend in crystal structure type for the
SmxYb2xTiO5 series. Estimation of ionic radius trends is compli-
cated by the changes to co-ordination numbers in the cation
polyhedra between the crystal structures or polymorphs. By
choosing the lanthanide oxidation state as 3þ and setting the
co-ordination number to 6 (co-ordination number options being
6–8) the ionic radii for both samarium, 0.958 Å, and ytterbium,
0.868 Å, were taken from the ionic radii table compiled by
Shannon [26]. Keeping these radii values constant and calculating
the average radius given by the different fractions of each
lanthanide a radius versus crystal structure type can be estimated.
The larger lanthanide of just samarium, radius 0.958 Å, gave an
orthorhombic structure, a combination of samarium and ytter-
bium with an average radius between 0.931 and 0.913 Å gave a
hexagonal structure, an average radius less than 0.9 Å gave cubic,
long-range ﬂuorite with short-range pyrochlore-like structure. Using
these basic average radius calculations we can estimate what
predominant crystal structure can be fabricated using the range of
lanthanides with formulation Ln2TiO5. Based on Ln3þ radii alone, the
lighter lanthanides (La–Gd) would be expected to be in the orthor-
hombic form. Terbium and dysprosium may also take on the
hexagonal form with holmium having a radius in the region of
transition from hexagonal to cubic. Somewhere between the radii of
holmium to ytterbium there is a transition from the long-range
ﬂuorite, short-range ordered pyrochlore-like to the predominantly
disordered ﬂuorite-like structure. In Fig. 1, the relationship between
temperature and average lanthanide radius includes the ﬁve
SmxYb2xTiO5 materials studied here. Four of the ﬁve samples fall
within the expected crystal structure type, the exception, Sm1.4Yb0.6-
TiO5, was found to be hexagonal rather than orthorhombic. This
slight variation found with the Sm1.4Yb0.6TiO5 compound has also
been found with other mixed lanthanides such as Gd1.8Lu0.2TiO5 and
Gd1.6Lu0.4TiO5 where the temperature range for the existence of
these compounds in the hexagonal phase is extended [1].
4. Conclusions
A solid solution series of SmxYb2xTiO5 compounds were fabri-
cated creating a range of the most common crystal structures within
the Ln2TiO5 system and their crystal structures were determined. The
compound Sm2TiO5 was found to adopt an orthorhombic structure
with Pnma space-group symmetry, cell parameters a¼10.5891(2),
b¼3.7957(1), and c¼11.3217(2). There were two compounds fabri-
cated in hexagonal, P63/mmc symmetry, Sm1.4Yb0.6TiO5 and SmYb-
TiO5 with cell parameters a¼b¼3.680958(4), c¼11.79633(6) and
a¼b¼3.648002(4), c¼11.81937(5), respectively. The ﬁnal two com-
pounds in this series, Sm0.6Yb1.4TiO5 and Yb2TiO5, were found to have
long-range defect ﬂuorite structure, Fm-3m, with short-range pyro-
chlore, Fd-3m, domains, as determined using x-ray, neutron and
electron diffraction techniques. The Sm0.6Yb1.4TiO5 had the larger
domains of short-range pyrochlore structure with pyrochlore nano-
domains of 6 nm or less when compared with Yb2TiO5 pyrochlore
domains of 2 nm or less. The long range ﬂuorite structure cell
parameters were a¼5.137340(1) and a¼5.09418(9) for Sm0.6Yb1.4-
TiO5 and Yb2TiO5 respectively.
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Table 4
Cell parameters, density and average titanium to oxygen bond distances as calculated from the reﬁned powder x-ray diffraction data for the SmxYb2-xTiO5 series.
Compound Cell parameters Calculated density (g/cm3) Ave. Ln3þ radius Ave. Ti–O distance
a b c
Sm2TiO5 Orthorhombic 10.59178(1) 3.796947(5) 11.32602(1) 6.25 0.958 1.909
Sm1.4Yb0.6TiO5 Hexagonal 3.68093(5) 3.68093(5) 11.7961(2) 6.62 0.931 1.982
SmYbTiO5 Hexagonal 3.648002(4) 3.648002(4) 11.81937(5) 6.99 0.913 2.052
Sm0.6Yb1.4TiO5 Cubic (Pyro/Flu) 5.137340(3) 5.137340(3) 5.137340(3) 7.37 0.895 2.224
Yb2TiO5 Cubic (Fluorite) 5.09418(9) 5.09418(9) 5.09418(9) 7.67 0.868 2.206
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7. Ion-irradiation response in the Ln2TiO5 system 
 
A nuclear waste-form matrix material is designed to incorporate radionuclides within the 
matrix structure, encapsulating the radiotoxic material and preventing its release into the 
environment (chapter 2). Throughout the duration of the waste-form storage, the 
radionuclides will undergo natural spontaneous fission resulting in the production of high-
energy particles. Alpha-decay releases energy, along with an alpha particle and a larger 
recoiling daughter particle. It is this recoil particle that creates the greatest atomic 
displacements within the lattice (chapter 4). The accumulation of the displaced atoms poses 
the potential risk of degrading the structural integrity of the matrix structure and this is 
often facilitated via the transition from a crystalline to amorphous phase. 
 
In this study we sought to simulate the damage created via the recoil daughter particle using 
heavy ion-irradiation (chapter 3). In-situ ion-irradiation coupled with transmission electron 
microscopy allowed the crystalline to amorphisation transition of the test materials to be 
monitored. This created a controlled experimental approach for quantitatively measuring 
the radiation response of several systematic series of compounds. This approach allows the 
radiation response of various materials to be compared and trends in radiation response 
versus the test material characteristic to be analysed. Other irradiation damage 
characterisation approaches have also been employed, grazing incidence x-ray diffraction, 
and cross-sectional TEM, allowing extra irradiation response detail to be determined and 
giving greater validation to the in-situ approach. These studies have been conducted to 
explain trends in, and the source of, ion-irradiation tolerance. This chapter includes four 
sub-chapters covering the ion-irradiation response of four different systems within the 
Ln2TiO5 range of compounds. Each of these sub-chapters consists of published work 
including: 
 
7.1 Ion-irradiation resistance of the orthorhombic Ln2TiO5 (Ln = La, Pr, Nd, Sm, Eu, 
Gd, Tb and Dy) series (R. D. Aughterson, G. R. Lumpkin, M. Ionescu, M. d. l. 
Reyes, B. Gault, K. R. Whittle, K. L. Smith and J. M. Cairney, Journal of Nuclear 
Materials 467 (2015), Part 2: 683-691) 
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7.2 The influence of crystal structure on ion-irradiation tolerance in the Sm(x)Yb(2-
x)TiO5 series (R. D. Aughterson, G. R. Lumpkin, M. de los Reyes, B. Gault, P. 
Baldo, E. Ryan, K. R. Whittle, K. L. Smith and J. M. Cairney, Journal of Nuclear 
Materials 471 (2016): 17-24) 
 
 
7.3 The crystal structures and corresponding ion-irradiation response for the Tb(x)Yb(2-
x)TiO5 series (R. D. Aughterson, G. R. Lumpkin, K. L. Smith, Z. Zhang, N. Sharma, 
J. M. Cairney, Ceramics International (in-press)) 
 
7.4 The ion-irradiation tolerance of the pyrochlore to fluorite HoxYb2-xTiO5 and 
Er2TiO5 compounds; a TEM comparative study using both in-situ and bulk ex-situ 
irradiation approaches (R. D. Aughterson, G. R. Lumpkin, K. L. Smith, M. d. l. 
Reyes, J. Davis, M. Avdeev, M. C. Ridgway, J. M. Cairney, submitted for 
consideration) 
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7.1. Ion-irradiation resistance of the orthorhombic Ln2TiO5 (Ln = La, 
Pr, Nd, Sm, Eu, Gd, Tb and Dy) series 
 
Whilst crystal structure has been shown to affect the ion-irradiation response of ceramics, it 
is not necessarily the defining characteristic. Crystal structure and the resultant local 
bonding have been highlighted as influencing radiation response trends [19, 20] along with 
defect formation energies [70, 74]. 
 
By fabricating a range of lanthanide titanates, Ln2TiO5 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb 
and Dy), all with the same orthorhombic symmetry, this study has made it possible to 
compare bonding trends with ion-irradiation response. Previous ion-irradiation studies have 
looked at several of these orthorhombic Ln2TiO5 compounds, however this study includes 
these plus several more, Pr2TiO5, Eu2TiO5, and Tb2TiO5, giving an almost complete study 
of the Ln2TiO5 series with the orthorhombic crystal structure type.  
 
In this study the ion-irradiation induced critical dose of amorphisation, Dc, was monitored 
for all test materials. The Dc was also monitored at a variety of temperatures allowing the 
determination of the critical temperature, Tc, above which crystallinity was maintained 
irrespective of the irradiating ion dose. For the compounds (La to Sm)TiO5, high Tc values 
were attained, indicating poor radiation response. For the compounds (Eu to Dy)TiO5 there 
was sequential lowering of Tc values. This improvement in ion-irradiation response for 
Ln2TiO5 compounds containing lanthanides of smaller radius has been previously attributed 
to the formation of irradiation induced stable crystalline phase transitions. The use of bulk 
sample irradiation coupled with grazing incidence x-ray diffraction allowed the long-range 
crystal structure of the irradiated materials to be monitored. Only a crystalline to 
amorphous phase transition was noted, with no crystalline to crystalline phase transitions 
observed. 
 
At the time of publishing this study, no definitive single explanation could be given for the 
observed Tc value trend found for this Ln2TiO5 series. However, a later study by Liu et al. 
using first-principles calculations to determine defect formation energies for the same series 
found an inverse correlation between our Tc values and their calculated defect energies 
[181]. 
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The response of Ln2TiO5 (where Ln is a lanthanide) compounds exposed to high-energy ions was used to
test their suitability for nuclear-based applications, under two different but complementary conditions.
Eight samples with nominal stoichiometry Ln2TiO5 (Ln ¼ La, Pr, Nd, Sm, Eu, Gd, Tb and Dy), of ortho-
rhombic (Pnma) structure were irradiated, at various temperatures, with 1 MeV Kr2þ ions in-situwithin a
transmission electron microscope. In each case, the ﬂuence was increased until a phase transition from
crystalline to amorphous was observed, termed critical dose Dc.
At certain elevated temperatures, the crystallinity was maintained irrespective of ﬂuence. The critical
temperature for maintaining crystallinity, Tc, varied non-uniformly across the series. The Tc was
consistently high for La, Pr, Nd and Sm2TiO5 before sequential improvement from Eu to Dy2TiO5 with Tc's
dropping from 974 K to 712 K.
In addition, bulk Dy2TiO5 was irradiated with 12 MeV Auþ ions at 300 K, 723 K and 823 K and
monitored via grazing-incidence X-ray diffraction (GIXRD). At 300 K, only amorphisation is observed,
with no transition to other structures, whilst at higher temperatures, specimens retained their original
structure. The improved radiation tolerance of compounds containing smaller lanthanides has previously
been attributed to their ability to form radiation-induced phase transitions. No such transitions were
observed here.
Crown Copyright © 2015 Published by Elsevier B.V. All rights reserved.1. Introduction
There has been considerable research into the radiation toler-
ance of the Ln2Ti2O7 series of compounds, which adopt theineering, Australian Nuclear
NSW 2234, Australia.
).
evier B.V. All rights reserved.pyrochlore structure, primarily due to their ability to incorporate
actinides and their resistance to damage via exposure to high en-
ergy particles [1e5]. The capacity to incorporate actinides into the
crystal structure provides ameans for the storage of nuclear wastes,
especially in the management and disposal of high level wastes
(HLW), where actinides are separated from short-lived ﬁssion
products. The Ln2TiO5 series of compounds (where Ln represents
lanthanides plus yttrium) may provide an alternative to pyrochlore
R.D. Aughterson et al. / Journal of Nuclear Materials 467 (2015) 683e691684compounds and have already been investigated for nuclear based
applications [6e8]. Due to its relatively large neutron absorption
cross section, Dy2TiO5 has been incorporated into inert matrix fuel
as a neutron absorber [9]. Similarly the Gd2TiO5 compound has also
been proposed as a burnable absorber [10] and its radiation toler-
ance has been tested [11]. Other fundamental studies have also
probed the radiation resistance of Ln2TiO5 materials via heavy ion
irradiation [6,7,12,13].
The Ln2TiO5 compounds show a range of structures depending
on the lanthanide size, fabrication regime, temperature and pres-
sure. The temperature stability diagram for the Ln2TiO5 compounds
established by Shepelev and Petrova [14] indicates the polymorphs
available for each lanthanide compound; orthorhombic (La to Sm),
orthorhombic and hexagonal (Eu and Gd), orthorhombic, hexago-
nal and cubic (Tb to Ho), and cubic (Er to Lu).
Both La2TiO5 and Nd2TiO5 can transform from orthorhombic to
hexagonal structure type at pressures between 6 and 10 GPa [15].
The smaller lanthanides, from Tb to Lu, may form high temperature
cubic polymorphs with long range defect ﬂuorite (Fm-3m) and
short range defect pyrochlore (Fd-3m) symmetry [16e18].
The orthorhombic Pnma Ln2TiO5 compounds have no mixed
occupancy between the cation sites. The lanthanide occupies two
7-fold polyhedra consisting of a distorted cube with one oxygen
missing and the remaining oxygens slightly rearrange from their
ideal cubic positions to compensate [19]. The titanium cation on the
other hand adopts atypical co-ordination with oxygen, ﬁve, based
on a capped octahedron i.e. removal of an apex oxygen, giving rise
to an offset square based pyramid. The authors have previously
carried out a systematic study of the Ln2TiO5 series of compounds
with orthorhombic symmetry [20] showing a linear decrease in all
cell parameters from La to Dy2TiO5. Signiﬁcantly, this study shows a
deviation in the titanium oxygen bonding behaviour for Tb2TiO5
and Dy2TiO5, which may be a destabilising mechanism for their
orthorhombic crystal structure.
Materials used in nuclear applications are required to be
tolerant of high energy particle interactions for the duration of their
use. In this study, Ln2TiO5 specimens were irradiated with high
energy heavy ions to simulate radiation effects in such an envi-
ronment. The controlled conditions of ion-irradiation coupled with
in-situ characterisation, via transmission electron microscopy
(TEM), allow experimental results to be obtained quickly and in a
reproducible way [21,22].
The radiation resistance of the orthorhombic Ln2TiO5 (Ln ¼ La,
Nd, Sm, Gd, Dy and Y) compounds has been investigated by Zhang
et al. [12] via in-situ Kr 1 MeV ion irradiation studies. They found
that the critical temperatures for amorphisation (Tc) of La2TiO5,
Sm2TiO5 and Nd2TiO5 were similar whereas those for Gd2TiO5,
Dy2TiO5 and Y2TiO5 decreased sequentially. The improved toler-
ance in Gd2TiO5, Dy2TiO5 and Y2TiO5 was highlighted as arising
from an ion-irradiation induced phase transformation from an
orthorhombic to cubic defect ﬂuorite structure.
Whittle and co-workers [6] fabricated, characterised and con-
ducted in-situ ion irradiation experiments on cubic Y2TiO5, YYbTiO5
and Yb2TiO5. They found that the Tc decreased, in order, from
Y2TiO5 to YYbTiO5 and then to Yb2TiO5. The Tc value for cubic
Y2TiO5, 589 K, was similar to the Tc value determined by Zhang et al.
[12] for orthorhombic Y2TiO5, of 623 K. This is in agreement with
Zhang's premise that the improved Tc values of the smaller Ln2TiO5
compounds may be due to their ability to transform into poly-
morphs with irradiation.
In this study, we investigate the radiation tolerance of ortho-
rhombic Ln2TiO5 compounds. Speciﬁcally we fabricated Ln2TiO5
compounds (Ln ¼ La, Pr, Nd, Sm, Eu, Gd, Tb and Dy) and subjected
them to both in-situ ion-irradiation and bulk ex-situ ion-irradiation
(Dy2TiO5) experiments to provide new and additional data on theirradiation resistance. By investigating the bulk sample ion-
irradiation behaviour of Dy2TiO5, we hope to conﬁrm a previously
proposed source of improved radiation tolerance [12] in com-
pounds capable of high temperature phase transformations.
As some of these materials have been proposed for nuclear
applications, their tolerance to the impact of high energy particles
is of interest. The aim of this study was to investigate both the
critical dose of irradiating ions required to cause a signiﬁcant phase
transformation from crystalline to amorphous and the energy
input, via heat, required to achieve self-annealing sufﬁcient enough
to maintain the crystalline structure during the irradiation process.
The results of this study can therefore be used to assess the suit-
ability of Ln2TiO5 compounds in nuclear applications.
2. Methods
Bulk, polycrystalline Ln2TiO5 single-phase samples were each
prepared by mixing stoichiometric amounts of Ln2O3 (Ln ¼ La, Pr,
Nd, Sm, Eu, Gd, and Dy), Tb4O7 and TiO2 (99.9% purity). These were
then pelletised and consolidated using a cold isostatic press oper-
ated at 400 MPa and sintered between 1573 K and 1823 K for 48 h
using a heating and cooling rate of 5 K per minute. One system,
Sm2TiO5, could not be fabricated as a bulk single phase material
using the oxide route, therefore a ﬂoating zone furnace was used to
achieve the desiredmaterial [18]. Eu2TiO5 could not be fabricated to
a phase purity of better than 90%, thus detailed TEM characterisa-
tion was carried out on these specimens pre-irradiation to ensure
that only the desired Eu2TiO5 single phase was monitored during
the in-situ ion irradiation experiment.
Scanning Electron Microscopy (SEM) was undertaken using a
Zeiss Ultra Plus Gemini operated at 15 keV, and ﬁtted with an in-
lens Angle Selective Backscatter electron detector (AsB detector).
The SEM was also equipped with an Oxford X-Max Silicon Drift
Detector Energy Dispersive X-ray Spectrometer (EDX) and EDX data
was collected and analysed using the Oxford INCA Microanalysis
software system.
Transmission electron microscopy (TEM) samples consisted of
crushed grains dispersed in ethanol than dispensed onto a holey
carbon ﬁlm on a TEM mesh grid. The TEM grids were copper for
room temperature to 650 K experiments or molybdenum for
temperatures above 650 K. All TEM samples were cleaned with
argon (Ar) plasma using a South Bay Technology PC 150 Plasma
Cleaner.
A JEOL 2010F operating at 200 keV and ﬁtted with an energy
dispersive x-ray analysis system (EDX) was used to characterise
pre-irradiated samples. The crystal structure was investigated via
selected area electron diffraction (SAED), and the lanthanide to ti-
tanium ratio was conﬁrmed using EDX data analysed with the
Noran system six software.
The in-situ ion-irradiation experiments were carried out using
the IVEM-TANDEM facility at Argonne National Laboratory and a
Hitachi 9000-NAR TEM operated at 300 keV, interfaced with an
NEC ion accelerator. A Nd-doped zirconolite was used as a standard
reference and its critical amorphisation dose, Dc, at room temper-
ature was measured and compared with previous tests to conﬁrm a
correct and consistent ﬂux of 1 MeV Kr2þ ions was incident on the
area of interest. For all in-situ experiments 1 MeV Kr2þ ions were
incident on the sample at a ﬂux of 6.25  1011 ions cm2 s1. This
irradiation dose rate was selected in order to give high doses
quickly but at a rate low enough to minimise heating of the sample
(<2 K). A total of 5 grains were selected for each critical dose
measurement so as to give better statistical conﬁdence in the ac-
quired results. The grains were monitored via bright ﬁeld images,
together with selected area electron diffraction patterns (SAED).
The presence of (Bragg diffraction maxima) in the SAED patterns
R.D. Aughterson et al. / Journal of Nuclear Materials 467 (2015) 683e691 685indicates crystallinity within the grain. The samples were alter-
nately dosedwith 1MeV Kr2þ ions andmonitoredwith the electron
beam. These processes were kept separate to minimise the syner-
gistic effects between the electron and ion beams.
Grains were monitored until all Bragg diffraction peaks had
disappeared, indicating the grain was completely amorphous. The
average of the ﬁnal dose, of which the diffraction peaks had dis-
appeared and the dose immediately prior, was taken to be the
critical dose, Dc. The quoted error for Dc measurements was either
the dose step size between a collection of SAED's or the variation in
Dc measurements between the grains, dependent of which was
larger. The Dc was also measured at elevated temperature using a
Gatan heating stage between 300 and 1100 K.
Bulk Dy2TiO5 samples were ion-irradiated using the ANTARES
TANDEM accelerator, within ANSTO. Various ion doses were used
ranging from 1  1013 to 2.5  1014 Auþ 12 MeV ions/cm2 at room
temperature and 5 1013 Auþ 12MeV ions/cm2 at 723 K and 823 K.
These samples were analysed using Grazing Incidence X-ray
Diffraction (GIXRD) performed at room temperature using a Bruker
D8 Advance using a copper x-ray source (weight Cu
radiation ~ 1.5418 Å). The x-ray angle of incidence was set to 3, 4
and 5 and data collected in 0.03 steps between 10 and 80 2-
theta.
Modelling the damage depth proﬁles and estimation of the rates
of irradiating ion energy losses were calculated using the software
package SRIM 2013 (the Stopping and Range of Ions in Matter) [23].
For these calculations the densities were taken from Ref. [24] and
all displacement energies set to 50 eV.3. Results and discussion
3.1. Quality control and sample characteristics
The purity of the samples used in radiation tolerance experi-
ments was assessed using x-ray diffraction (XRD) and SEM.
Resulting XRD patterns showed each fabricated sample was single
phase (the exception being Eu2TiO5), with indexable reﬂexions of
orthorhombic, Pnma symmetry. Corresponding SEM analyses dis-
played minor secondary phases within the matrix material,
detected via phase contrast within backscattered electron (BE)
images. A grid was placed across the BE image and the grid squares
containing any secondary phase were counted and averaged. The
results of this process are listed in Table 1. The samples used in the
ion-irradiation experiments contained at least 95% of the design
phase, except Eu2TiO5, which contained only 90%. The composition
of the major phase in each sample was conﬁrmed using EDX spot
analysis in at least 3 locations.
Attempts were made to fabricate single phase orthorhombic
Ln2TiO5 across the entire lanthanide series. It was not possible to
fabricate single phase Ho2TiO5 and Y2TiO5 compounds in the
orthorhombic form. Sintering above 1250 C predominantlyTable 1
Phase purity of studied Ln2TiO5 samples as measured via
SEM BE images and EDX analysis.
Sample Secondary phase
La2TiO5 ~2% La4Ti3O12
Pr2TiO5 ~3.5% Pr2Ti2O7
Nd2TiO5 ~5% Nd2Ti2O7
Sm2TiO5 Single phase
Eu2TiO5 ~10% Eu2Ti2O7
Gd2TiO5 Single phase
Tb2TiO5 Single phase
Dy2TiO5 ~5% Dy2Ti2O7produced Ho2TiO5 and Y2TiO5 compounds with hexagonal sym-
metry whilst sintering above 1500 C produced cubic symmetry.
The highest yield of orthorhombic Ho2TiO5 and Y2TiO5 were ach-
ieved by heating at 1200 C for 6 days which gave approximately
30% and 70% orthorhombic Ho2TiO5 and Y2TiO5, respectively, with
the remainder consisting of Ho2Ti2O7 or Y2Ti2O7 (pyrochlore)
together with un-reacted pre-cursors. To date bulk, polycrystalline,
single phase orthorhombic Ho2TiO5 and Y2TiO5 samples have not
been fabricated. Currently published characterisation data has been
carried out on single crystals picked out of heterogeneous mixes
[19]. Due to the large amount of secondary phase found in Ho2TiO5
and Y2TiO5, these samples were not used in this ion-irradiation
study. Under these conditions, it was not possible to fabricate
compounds of Er2TiO5, Yb2TiO5 or Lu2TiO5 in the orthorhombic
form.
In a previous study, we collected synchrotronpowder diffraction
data on Ln2TiO5 compounds with orthorhombic symmetry and
determined the cell parameters and atomic positions using Rietveld
reﬁnements [20]. These results were compared to previously
published data and are shown in Fig. 1a. Here, the unit cell pa-
rameters show a linear decrease from lanthanum to dysprosium.
Fig. 1b shows the TieO bond lengths of the compounds in this
study. The TieO5 bond length is constant across the investigated
compounds whereas the TieO3 bond length is seen to vary linearly
with lanthanide ionic radius. The TieO1 and TieO4 bond lengths
show a deviation from the general trend for Dy2TiO5; and Dy2TiO5
and Tb2TiO5 respectively. The deviation from titanium-oxygenFig. 1. Cell parameter and titanium to oxygen bond length data were taken from the
ref [20] study on Ln2TiO5 orthorhombic crystallography. a) the cell parameters (b not
shown) are shown to increase linearly with increasing lanthanide radius, b) the tita-
nium to oxygen bond lengths vary signiﬁcantly from trend with the Tb2TiO5 and
Dy2TiO5 compounds, which may be indicative of the driving mechanism for a phase
transition from the orthorhombic to hexagonal or cubic structures (trend lines are
ﬁtted to bond lengths purely to aid the eye).
Fig. 2. The temperature stability diagram adapted from Shepelev and Petrova [14] for
the series of compounds with Ln2TiO5 stoichiometry.
R.D. Aughterson et al. / Journal of Nuclear Materials 467 (2015) 683e691686bonding trends within Tb2TiO5 and Dy2TiO5 comparedwith the rest
is signiﬁcant as it may highlight a destabilising mechanism for
these compounds. Such a mechanism could allow a structural
transition from orthorhombic to hexagonal/cubic polymorphs at
elevated temperature or with exposure to irradiating ions.
Shepelev and Petrova [14] created a temperature stability dia-
gram for the Ln2TiO5 compounds. Fig. 2 is an adapted version of this
diagram. Zhang et al. [12] suggested that the high relative radiation
resistance, lower Tc, for Gd2TiO5, Dy2TiO5 and Y2TiO5 is due to the
smaller lanthanidesmore easily forming disordered structures. This
disordering is related to their capacity to form high temperature
phases. The same reasoning has been applied to other systems
where phase diagrams were used to predict improved radiation
resistance for those compounds which transition from their orig-
inal structure to a defect ﬂuorite structure, across a broader tem-
perature range [25].
The crystallographic data from our previous study [20] were
used to calculate the density, which was then used to estimate the
electronic to nuclear stopping power ratio, ENSP, (Table 2). The
density increased with increasing atomic number, Z, (decreasing
lanthanide size) due both to the increase in atomic mass of the
lanthanide and the decreasing unit cell size.
The SRIM based calculation of the electronic to nuclear stopping
ratio gives an estimate of the dominating stopping force. A high
ENSP value indicates electronic, inelastic scattering as the domi-
nant force in energy loss between the ion and lattice, with a low
value indicating the dominance of nuclear, elastic scattering. The
governing energy loss type has relevance to both the formation and
mobility of defects, with defect mobility being a signiﬁcant driver in
determining the rate and extent of re-crystallisation.Table 2
Ln2TiO5 sample characteristics calculated from crystallographic data, and literature ionic
calculated ﬁts using equations (1) and (2). The corresponding errors are shown in brack
Compound Ln3þ (VII) ionic radius (Å) Density (g/cm3) ENSP
La2TiO5 1.10 5.44 0.808
Pr2TiO5 1.06 5.73 0.714
Nd2TiO5 1.05 5.90 0.698
Sm2TiO5 1.02 6.25 0.656
Eu2TiO5 1.01 6.38 0.658
Gd2TiO5 1.00 6.59 0.717
Tb2TiO5 0.98 6.75 0.679
Dy2TiO5 0.97 6.95 0.6283.2. Radiation response
All the Ln2TiO5 series of samples that were irradiated in-situ
using the IVEM-Tandem showed responses similar to those detailed
in Fig. 3. With increasing dose, the Bragg peaks were observed to
diminish in relative intensity and the diffuse rings, indicative of
short range order, seen to increase in relative intensity. Fig. 3
contains a series of electron diffraction patterns showing the
sample's response to accumulated ion irradiation dose. Fig. 3a and
h are bright ﬁeld (BF) images of the grain of interest: in this case a
crystal of Gd2TiO5, both pre and post ion-irradiated respectively.
Fig. 3beg shows the SAED patterns of the grain as the dose is
increased from zero to the dose at which the grain was deemed
amorphous, where Bragg diffraction maxima are no longer
detectable and were replaced by diffuse rings.
For room temperature in-situ experiments, there is a correlation
between decreasing lanthanide ionic radius and increasing critical
dose of amorphisation, Dc, (see Table 2). However, Eu2TiO5 and
Dy2TiO5 deviate from this linear trend with lower and higher than
expected Dc values respectively. Tracy et al. [13] previously irradi-
ated Ln2TiO5 compounds (Ln¼ La, Nd, Sm and Gd) with 1.47 GeV Xe
ions indicating that the volume of amorphous regions within the
damage tracks decreased systematically with decreasing lantha-
nide size. This variation, deﬁned as the amorphisation cross-section
was attributed to the variation in rates of epitaxial re-crystallisation
from the periphery of the damage region toward the centre. Whilst
our Dc(300K) results are in general agreement with that work it
should be noted the ion-target interaction was signiﬁcantly
different due to the large differences in ion energies. The 1.47 GeV
Xe ions used in the work by Tracy et al. would lose energy to the
target material almost exclusively via electronic losses whereas the
electronic to nuclear stopping ratio in our study (Table 2) show a
more dominant elastic, nuclear stopping loss of energy. The
dominance of electronic stopping will lend to greater deposition of
thermal energy and this inﬂuences the mobility of defects,
increasing the probability of damage recovery.
The higher Dc value for Dy2TiO5 is indicative of improved re-
covery mechanisms. Eu2TiO5 with a room temperature Dc of
1.63  1014 ions/cm2 deviates more signiﬁcantly from the linear
trend. Difﬁculties in fabrication of Eu2TiO5 in single phase formmay
be indicative of thermodynamic instability for the Eu2TiO5 ortho-
rhombic structure. Whilst a value for the enthalpy of formation is
not directly quoted for Eu2TiO5, in research published by Kandan
et al. [26], the heat capacity values are signiﬁcantly higher than
those found for La, Nd and Gd2TiO5 by Hayun and Navrotsky [27].
This suggests that the enthalpy of formation for Eu2TiO5 is more
positive, indicating a less stable structure.
Here we measured the dose of irradiating particles required to
render eachmaterial amorphous,Dc, at a range of temperatures and
used these values to ascertain the energy necessary to recovery of
crystallinity (critical temperature of amorphisation, Tc). The criticalradius values [37] are compared with in-situ ion irradiation data and corresponding
ets.
Dc(300K) (x1014) Dc0 (x1014) Tc (K) Ea (eV) Eqn (2)
1.8 (0.36) 1.6 (0.1) 1070 (23) 3.3
2.22 (0.25) 2.0 (0.4) 1115 (2) 3.4
2.41 (0.22) 2.1 (0.4) 1143 (81) 3.5
2.53 (0.16) 2.7 (0.2) 1072 (23) 3.3
1.63 (0.18) 1.7 (0.1) 974 (2) 3.0
2.53 (0.16) 2.6 (0.6) 962 (1) 3.0
2.34 (0.47) 2.6 (0.5) 889 (15) 2.8
3.52 (0.47) 4.1 (0.7) 712 (40) 2.2
Fig. 3. (a) a BF image, and SAED patterns of a microcrystal of Gd2TiO5, (b) before irradiation (dose ¼ 0 Dc), after (c) 0.2 Dc, (d) 0.3 Dc (e) 0.4 Dc, (f) 0.7 Dc, (g) 1.0 Dc and (h) BF image of
amorphous grain at 1.0 Dc.
Fig. 5. Critical temperature of amorphisation plotted against lanthanide radius for the
series of orthorhombic Ln2TiO5 compounds. The data from this study is compared with
previously published data from Zhang et al. [12] and Whittle et al. [6]. Linear lines to
our data are to guide the eye only.
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experimentally determined Dc measurements collected at various
temperatures to the function [28];
Dc ¼ D0

1 exp

Ea
kB

1
Tc
 1
T

(1)
where D0 is the calculated critical dose of amorphisation at 0 K and
kB is the Boltzmann constant (kB ¼ 8.617342  105 eV K1). The
activation energy, Ea, D0 and Tc, were allowed to reﬁne using
equation (1). The ﬁt was performed using a least squares reﬁne-
ment implemented in Origin 8.5. A plot of such ﬁts overlayed on
experimental results is shown in Fig. 4. The goodness of ﬁt between
calculation and datawas assessed both via least squares reﬁnement
and a visual comparison of the graphed calculated line versus data
points as shown in Fig. 4.
It is generally accepted that equation (1), whilst yielding
acceptable values for Tc and Do has yielded unrealistically low
activation energies due to the kinetics of recovery having 2 com-
ponents, thermal and irradiation based. Thus a second equation
was introduced for activation energy calculations [28];Fig. 4. Critical dose of amorphisation, measured at various temperatures, is plotted for
8 compounds with Ln2TiO5 stoichiometry (Ln ¼ La, Pr, Nd, Sm, Eu, Gd, Tb, and Dy).
Lines of best ﬁt, based on equation (1), were calculated and are overlayed across the
data points.
Fig. 6. A plot of Dc versus temperature for the compound Pr2TiO5. The same data is
plotted twice; once with the full data set and the other missing the ﬁnal high tem-
perature data point. The two ﬁts to the data diverge due to differences in the ﬁnal high
temperature data point.
Fig. 7. The GIXRD patterns (a) from a series of Dy2TiO5 irradiated at various doses (ions/cm2) with Auþ 12 MeV ions, (b) for Dy2TiO5 irradiated to 5  1013 ions/cm2 whilst held at
300, 723 and 823 K (data has background subtracted and peaks normalised). In (a) reﬂection markers for two polymorphs of Dy2TiO5, orthorhombic (Pnma) [24] and cubic (Fm3m)
(lattice parameters are modiﬁed from Lau et al. [38]), are shown as (blue) vertical markers below the series of patterns. Vertical (red) lines mark the positions for reﬂections of Fm3m
symmetry to aid the eye in identifying the expected peak positions if this phase was present. Several major peak positions for both phases are indexed. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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D0 m
∅

(2)
Here, the incident ion ﬂux, ø, during the ion-irradiation exper-
iments was set to 6.25  1011 ions cm2 s1. The effective thermal
attempt frequency, m, was assumed to be 1013 s1 based on theapproximate Debye frequency and not including irradiation assis-
ted effects which were considered negligible relative to thermal
effects [28].
Calculated values from the data displayed in Fig. 4 are shown in
Table 2. Tc is the temperature above which a sample cannot be
rendered amorphous. So a sample with a low Tc value indicates
Table 3
Integrated peak intensities from grazing incidence x-ray diffraction data for the Dy2TiO5 compound bulk irradiated with Auþ 12 MeV ions to various doses. The table shows
variations in relative peak intensities compared with the major orthorhombic peak reﬂection (2 1 0).
Dose
(ions/cm2)
(I(210)Dose x/I(210)Dose 0)*100 I(203)/I(210)*100 I(013)/I(210)*100 I(413)/I(210)*100
0 100 84 26 31
1  1013 36 79 17 26
2.5  1013 19 80 17 28
5  1013 9 58 19 29
1  1014 6 80 19 34
2.5  1014 6 84 e 16
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Dy2TiO5 gave the best radiation tolerance results, with the lowest Tc
of 712 K. The larger lanthanide compounds (La2TiO5, Pr2TiO5,
Nd2TiO5 and Sm2TiO5) had the highest Tc values before sequential
improvement from Sm2TiO5 to Dy2TiO5.
Fig. 5 shows the Tc versus lanthanide radii of the compounds
investigated in this study, along with those by Zhang et al. [12] and
Whittle et al. [6] There is a signiﬁcant discrepancy between the
values measured for La2TiO5 and Sm2TiO5 by the current authors
and Zhang et al. Such a discrepancy can possibly arise from the
temperatures used in the study.
Compoundswith higher Tc values, often require data collected to
high temperatures to ensure the calculated Tc values are as reliable
as possible. Fig. 6 shows two ﬁts of the Dc versus temperature plots
for the Pr2TiO5 compound. The line of best ﬁt calculated with all 5
collected Dc values asymptote at a lower temperature, 1115 K, than
that calculated using the four lower temperature Dc values 1236 K.
The sequential improvement in Tc values with smaller lantha-
nides continues (Fig. 5) from Nd2TiO5 to Dy2TiO5 and Y2TiO5.
3.3. Factors inﬂuencing radiation tolerance
Damage evolution can be governed by two competing factors:
defect formation and defect recovery energies. At high tempera-
tures, thermal energy assists defect recovery. The Tc values of
La2TiO5, Pr2TiO5, Nd2TiO5 and Sm2TiO5 are all high, above 1050 K,
whereas those compounds between Eu2TiO5 to Y2TiO5 show
sequential decreasing Tc concurrent with decreasing lanthanide
size (Fig. 5).
Based on high resolution TEM images and SAED data, Zhang et al.
[12] proposed that the low Tc values for Ln2TiO5 compounds con-
taining smaller lanthanides arises from short range phase transi-
tions these compounds undergo from orthorhombic to cubic
(defect ﬂuorite) prior to amorphisation. In support of this hypoth-
esis, Zhang documented SAEDs for the irradiated Gd2TiO5 spec-
imen, held around its Tc, showing diffractionmaximamatching that
of the defect ﬂuorite symmetry.
Hayun et al. [27] examined the formation enthalpies of ortho-
rhombic La2TiO5, Nd2TiO5 and Gd2TiO5 compounds, determining a
trend in decreasing thermodynamic stability (more positive values
for enthalpy of formation energies) with decreasing lanthanide
radius size from La to Gd. This trend agrees with the temperature-
composition diagram created by Shepelev and Petrova [14].
The temperature-composition diagram shows it is possible for
compounds of Ln2TiO5 stoichiometry to form polymorphs if the
lanthanide radius is of europium size and smaller. Those Ln2TiO5
compounds that have a more thermodynamically stable defect
ﬂuorite structure should have an increased tolerance to ion-
irradiation damage. This is not a new hypothesis; in fact, com-
pounds adopting the pyrochlore structure have been shown to have
improved radiation response with an increase in thermodynamic
stability for the formation of defect ﬂuorite structures [29e31].
Empirically the stability of the defect ﬂuorite structure is basedupon cation radii ratios. In compounds with the nominal stoichi-
ometry A2B2O7 (A ¼ lanthanides, B¼ Ti, Zr, Hf, Sn), as the cation
radius ratio lowers, the defect ﬂuorite structure becomes more
stable. As a consequence compounds, which can adopt the more
thermodynamically stable defect ﬂuorite structure type show
improved radiation tolerance [4,32,33]. If the same trend is applied
to those of Ln2TiO5 stoichiometry then, the smaller the lanthanide,
the more thermodynamically stable the defect ﬂuorite structure
should be, thus should show improved radiation response. Previous
studies on the crystallography of the smaller lanthanide titanates
(Ho2TiO5 and Yb2TiO5) have shown these consist of long-range
defect ﬂuorite and short-range defect pyrochlore structures
[16,18]. The smaller the lanthanide, the more dominant the long-
range defect ﬂuorite structure becomes.
Based on these studies and the improved radiation response,
decreasing Tc, from Nd2TiO5 to Sm2TiO5 to Eu2TiO5 to Gd2TiO5 to
Tb2TiO5 to Dy2TiO5 to Y2TiO5 it seems reasonable to propose that
the ease of phase transition is linked to relative radiation
resistance.
Using HRTEM/SAED alone to study the phase transition in
damaged samples is problematic. As a TEM foil is rendered amor-
phous, its SAED pattern is comprised of contributions from both the
crystalline and the amorphous components within the sample.
Consequently it is possible for weaker diffraction maxima to be lost
within the amorphous contribution in the SAED pattern, while the
stronger diffraction peaks are still evident. Such an effect can lead
to false interpretations in changes of symmetry. Furthermore, if
nano-domains of defect ﬂuorite were created by irradiation, the
SAED patterns would likely show indications of a ring pattern,
reﬂecting misalignment of the domains.
We sought to conﬁrm the proposition that Ln2TiO5 compounds,
containing smaller lanthanide cations, undergo symmetry changes
with dose, by examining the amorphisation of Ln2TiO5 compounds
using Grazing Incidence x-ray diffraction (GIXRD). Two approaches
were used for bulk Dy2TiO5 samples exposed to 12 MeV Auþ ions;
1. Samples held at room temperature and exposed to a series of ion
doses between 1  1013 to 2.5  1014 ions/cm2 and
2. Samples held at 450 C and 550 C and exposed to a dose of
5 x 1013 ions/cm2
GIXRD patterns from the pre- and post-irradiated samples were
collected (Fig. 7(a) and (b)).
In Fig. 7(a) the four major peaks within the patterns from the
orthorhombic, Pnma symmetry were closely investigated; (203),
(210), (013) and (413). A user deﬁned background was subtracted
from each pattern, followed by pattern ﬁtting with Gaussian peaks
to determine peak locations and height. In Table 3, our data show
that there is some variation with dose in the peak ratios of these
four major reﬂections but the ordering in regards to reﬂection
strength remained constant. There is a signiﬁcant decrease in peak
intensity with dose and with the ﬁnal dose of 2.5  1014 Auþ ions/
cm2 the peak from reﬂection (013) could no longer be resolved.
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cubic (Fm3m) ﬂuorite structure phase. The consistent orthorhombic
peak ratios and lack of peaks with cubic Fm3m symmetry with dose
indicate Dy2TiO5 does not undergo a long range phase transition
from orthorhombic, before it is rendered amorphous.
In Fig. 7(b) the GIXRD patterns are fromDy2TiO5 samples held at
300 K, 723 K and 823 K during exposure to 12 MeV Au ions. As with
the room temperature irradiation, high temperature irradiation
shows no evidence for a phase transition to defect ﬂuorite in the
GIXRD pattern. In fact, it is shown that long-range orthorhombic
symmetry is maintained during bulk irradiationwhen the sample is
held at these elevated temperatures.
The GIXRD results indicate that the recovery mechanism for the
Ln2TiO5 orthorhombic series is something other than a transition to
defect ﬂuorite upon exposure to irradiating ions.
One explanation for the trend of improving radiation response
with smaller lanthanide size arises from the thermodynamic sta-
bility trends of the Ln2TiO5 orthorhombic series. Previous studies of
the thermodynamic stability of the Ln2TiO5 compounds within the
orthorhombic series suggest smaller lanthanides give less stable
orthorhombic structures. This thermodynamic stability trend
should give Tc values moving in the opposite direction, increasing Tc
with decreasing Ln radius, fromwhat has been found in this study,
decreasing Tc with decreasing Ln radius.
A ﬁrst principles investigation of the Ln2TiO5 orthorhombic se-
ries using the density functional theory approach showed a trend
toward slightly enhanced “covalency” in local bonding across the
series from La to Dy [34]. Previous studies of irradiation trends in
families of ceramic compounds have associated improved radiation
tolerance, lower Tc values, with an increase in “ionicity” (decrease
in “covalency”) [35,36]. The Tc results from this study, i.e. lower Tc
with greater covalency, are a counter to the argument of improved
tolerance with greater ionicity.
A fundamental explanation for the improved radiation response
with smaller lanthanides in the Ln2TiO5 series is under develop-
ment, using alternative techniques such as density functional the-
ory on the damage evolution and recovery mechanisms. However,
the results here provide new insights into this system.
4. Concluding remarks
The almost complete series of orthorhombic Ln2TiO5 com-
pounds were investigated for radiation tolerance. This radiation
tolerance, as deﬁned by critical temperature, Tc, showed sequential
improvement in, lowering of Tc with decreasing lanthanide size for
lanthanides of smaller radius than samarium.
The grazing incidence x-ray diffraction data of Dy2TiO5 showed
that the long-range orthorhombic structure of the smallest
lanthanide in this series was maintained when exposed to heavy
ions and held at elevated temperature. This suggests that an ion-
irradiation induced phase transition to a defect-ﬂuorite structure,
as proposed previously, does not take place.
Whilst a fundamental explanation for this observed radiation
response is not yet available, future radiation tolerance studies on
the Ln2TiO5 compounds should focus on the smaller lanthanides, as
current radiation response studies indicate that these show the
greatest promise for nuclear-based applications.
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7.2. The influence of crystal structure on ion-irradiation tolerance in 
the Sm(x)Yb(2-x)TiO5 series 
 
There are numerous studies linking trends in radiation response with crystal structure. Of 
particular relevance to this study was a study by Lumpkin et al. [182] on the ion-irradiation 
tolerance of TiO2 polymorphs where it was shown that crystal structure strongly influenced 
the irradiation response. 
 
Here, varied ratios of samarium to ytterbium in the Ln2TiO5 compound were used to 
control the average lanthanide size and hence the corresponding crystal structure type. This 
approach allowed for a systematic means of fabricating Ln2TiO5 compounds in the four 
major structure types for this series. Each of the structure types; orthorhombic, hexagonal, 
defect pyrochlore cubic, and defect fluorite cubic, were subsequently exposed to 1 MeV 
krypton ions and monitored in-situ in a TEM to observe their ion-irradiation response. This 
was the first time an Ln2TiO5 compound with hexagonal symmetry had been studied for 
ion-irradiation response. 
 
The Sm2TiO5 orthorhombic and SmYbTiO5 hexagonal symmetry compounds showed, 
within experimental error, the same poor radiation response, with a low critical dose of 
amorphisation and high temperatures required to maintain crystallinity during irradiation. 
The cubic-symmetry compounds Sm0.6Yb1.4TiO5 and Yb2TiO5 showed significant 
improvement in radiation response, with the best results found for the predominantly long-
range fluorite structured Yb2TiO5. Other material characteristics such as lanthanide radius, 
density, atomic packing fraction, and band gap were compared with the ion-irradiation 
response, with no single characteristic being able to explain the radiation response trend 
found. Greater thermodynamic stability for the formation of the defect fluorite structure in 
the Ln2TiO5 series was highlighted as a potential source of improved ion-irradiation 
tolerance. 
 
lable at ScienceDirect
Journal of Nuclear Materials 471 (2016) 17e24Contents lists avaiJournal of Nuclear Materials
journal homepage: www.elsevier .com/locate/ jnucmatThe inﬂuence of crystal structure on ion-irradiation tolerance in the
Sm(x)Yb(2-x)TiO5 series
R.D. Aughterson a, b, *, G.R. Lumpkin a, M. de los Reyes a, B. Gault c, P. Baldo d, E. Ryan d,
K.R. Whittle e, K.L. Smith f, J.M. Cairney b
a Institute of Materials Engineering, Australian Nuclear Science and Technology Organisation, PMB 1, Menai, NSW 2234, Australia
b Australian Centre for Microscopy and Microanalysis, The University of Sydney, NSW 2006, Australia
c Department of Materials, University of Oxford, Parks Road, Oxford OX1 3PH, UK
d Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA
e Centre for Materials and Structures, School of Engineering, The University of Liverpool, Liverpool L69 3GH UK
f Government International and External Relations, Australian Nuclear Science and Technology Organisation, PMB 1, Menai, NSW 2234, Australiaa r t i c l e i n f o
Article history:
Received 12 October 2015
Received in revised form
16 December 2015
Accepted 25 December 2015
Available online 29 December 2015* Corresponding author.
E-mail address: roa@ansto.gov.au (R.D. Aughterson
http://dx.doi.org/10.1016/j.jnucmat.2015.12.036
0022-3115/© 2016 Elsevier B.V. All rights reserved.a b s t r a c t
This ion-irradiation study covers the four major crystal structure types in the Ln2TiO5 series
(Ln ¼ lanthanide), namely orthorhombic Pnma, hexagonal P63/mmc, cubic (pyrochlore-like) Fd-3m and
cubic (ﬂuorite-like) Fm-3m. This is the ﬁrst systematic examination of the complete Ln2TiO5 crystal
system and the ﬁrst reported examination of the hexagonal structure. A series of samples, based on the
stoichiometry Sm(x)Yb(2-x)TiO5 (where x ¼ 2, 1.4, 1, 0.6, and 0) have been irradiated using 1 MeV Kr2þ ions
and characterised in-situ using a transmission electron microscope. Two quantities are used to deﬁne
ion-irradiation tolerance: critical dose of amorphisation (Dc), which is the irradiating ion dose required
for a crystalline to amorphous transition, and the critical temperature (Tc), above which the sample
cannot be rendered amorphous by ion irradiation. The structure type plus elements of bonding are
correlated to ion-irradiation tolerance. The cubic phases, Yb2TiO5 and Sm0.6Yb1.4TiO5, were found to be
the most radiation tolerant, with Tc values of 479 and 697 K respectively. The improved radiation
tolerance with a change in symmetry to cubic is consistent with previous studies of similar compounds.
© 2016 Elsevier B.V. All rights reserved.1. Introduction
Nuclear fuel cycle, e.g. fuel, waste media or structural, e.g.
reactor materials need to be tolerant of the effects of radiation.
Various ceramic products (including Synroc, a synthetically fabri-
cated waste-form) have been proposed as materials capable of
hosting radioactive waste species. Fluorite and pyrochlore struc-
tured materials have been proposed as waste form phases, both as
constituents of Synroc and in their own right. They are good hosts
for actinides, durable in aqueous environments and are radiation
tolerant [1,2].
Compounds in the Ln2TiO5 series, where Ln represents the
lanthanides plus yttrium, are found as a secondary phase within
some pyrochlore formulations, and have been separately proposed
for potential nuclear based applications [3e5]. For example,).Dy2TiO5 has been incorporated into inert matrix fuel as a neutron
absorber [6]. Gd2TiO5 has also been proposed for similar use [7] and
it's radiation tolerance has been tested for this purpose [8].
Orthorhombic Y2TiO5 has been modelled to assess its usefulness as
an inclusion in oxide dispersion strengthened (ODS) ferritic alloys
where the nano-dispersed oxide particles act to improve the
structural properties of the steel [9]. In more fundamental studies,
the radiation tolerance of several orthorhombic Ln2TiO5 materials
has been tested via heavy ion irradiation [4,10e12].
For nuclear materials tolerance of the damage caused via irra-
diating particles is required for the duration of use. Approaches
used when assessing the suitability of such materials involve
characterising the response when exposed to radiation. Atomic-
and/or microscopic-scale changes in structure lead to larger scale
effects in the material properties such as an increase in volume
(swelling) and potential embrittlement. Fundamental studies are
essential for acquiring an understanding of ion irradiation induced
defect accumulation and microstructure damage evolution.
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different materials. Materials can be exposed to high-energy neu-
trons within a nuclear reactor, doped with alpha emitters, natural
analogues that contain decaying isotopes can be examined, or
materials can be exposed to accelerated ions [13]. The approach
used in this investigation is in-situ ion-irradiation, using a tandem
accelerator attached to a transmission electron microscope (TEM)
to irradiate thin ﬁlms. The in-situ ion-irradiation experimental
approach provides control over the material chemistry and allows
orientation of the beam relative to the crystallographic orientation
of the target. The controlled conditions of ion-irradiation coupled
with in-situ TEM allow experimental results to be obtained in a
rapid and reproducible way.
One of the major determinants of adopted crystal structure type
in the Ln2TiO5 series is lanthanide size [14]. The largest lanthanide
cations (La to Sm), take on the orthorhombic form when heated
under atmospheric pressure. From Eu to Lu, as the lanthanide ionic
radius decreases, the other polymorphs can be formed depending
on the temperature proﬁle used during synthesis.
Previously we undertook a crystallographic study of the
Sm(x)Yb(2-x)TiO5 (where x ¼ 2, 1.4, 1, 0.6, and 0) series of com-
pounds, demonstrating that their symmetry changes with the
average lanthanide ratio. Speciﬁcally the structures were shown to
be; Sm2TiO5 orthorhombic (Pnma), Sm1.4Yb0.6TiO5 and SmYbTiO5
hexagonal (P63/mmc), Sm0.6Yb1.4TiO5 cubic (pyrochlore-like, Fd3m)
and (ﬂuorite-like, Fm3 m) Yb2TiO5 with the crystal structure type
depending on the cation size and processing conditions used dur-
ing fabrication (refer to Fig. 1) [15].
Previous research for nuclear applications has focussed on the
orthorhombic and cubic structure types [3,4,10e12]. This study
extends these to incorporate the hexagonal structure, completing
the range of crystal structures in the Ln2TiO5 series.
By testing the radiation tolerance of a series of materials
covering the range of reported crystal structures for the Ln2TiO5
system we seek to gain a more complete picture of the elemental
geometry, the resultant effect on bonding, and how this translates
to radiation tolerance.Fig. 1. a) e d) show selected area electron diffraction patterns of a) Sm2TiO5 viewed down t
and d) Yb2TiO5 [1 1 0]. e) e h) show simulated diagrams of the four crystal structures w
polyhedra, ﬁlled (purple) lanthanide polyhedra, and vertices (red) oxygen. Note the orientat
structure of Sm2TiO5, f) shows the hexagonal crystal structure common to both Sm1.4Yb0.6TiO
(ﬂuorite-like) structure (For interpretation of the references to colour in this ﬁgure legend,2. Experimental
2.1. Sample fabrication
Bulk, polycrystalline samples were prepared by mixing stoi-
chiometric amounts of Sm2O3, Yb2O3 and TiO2 (99.9% purity),
pressing into pellets and sintering to 1550 C. Bulk, single phase
samples of Sm2TiO5 could not be fabricated using this approach so a
large, single crystal was instead fabricated using a ﬂoating zone
furnace. More detailed descriptions of both fabrication and struc-
ture are given in Aughterson et al. [15].
2.2. In-situ ion-irradiation/transmission electron microscopy (TEM)
TEM samples were prepared by dispersing crushed, ﬁne grains
of material in ethanol and dispensing the solution on holey carbon
ﬁlm supported on a copper or molybdenum grid. Organic
contamination was removed from the TEM specimen via argon
plasma cleaning using a South Bay Technology Plasma Cleaner, PC-
150.
Samples were irradiated in-situ with 1 MeV Kr2þ ions using the
IVEM-TANDEM facility, Argonne National Laboratory, USA. The ion-
irradiation count rate was set to 6.25  1011 ions cm2 s1, a ﬂux
chosen for maximum ion exposure whilst minimising temperature
variations caused by ionebeamematerial interactions. Characteri-
sation of the irradiated samples were carried out using a Hitachi
9000-NAR TEM, and selected area diffraction patterns (SADP) were
collected to monitor the ion-dose response. Ion-dose was increased
iteratively, and paused for the collection of electron diffraction
patterns in order to eliminate any synergistic effects caused by
operating the electron and ion-beam simultaneously.
The ion-dose required for complete transition from crystalline
to amorphous, the critical dose (Dc), was characterised using the
SADP's and is deﬁned as the ﬂux at which Bragg diffraction spots
are no longer observable (refer to Fig. 2).
Five grains per sample were monitored for each ion-irradiation/
TEM characterisation process. The critical dose Dc was taken to behe zone axis [0 1 0], b) Sm1.4Yb0.6TiO5 down zone axis [0 0e1], c) Sm0.6Yb1.4TiO5 [1 1 0]
hich highlight their structural differences. Open (blue) represents titanium centred
ion in e)- h) are not the same as those of the SADPs. e) shows the orthorhombic crystal
5 and SmYbTiO5, g) shows the cubic (pyrochlore-like) structure, and h) shows the cubic
the reader is referred to the web version of this article.).
Fig. 2. a) TEM bright ﬁeld image of a grain of Sm2TiO5 studied in-situ during irradiation at room temperature with corresponding selected area electron diffraction patterns (bee)
collected at various ion doses; b) unirradiated, c) 0.22 Dc, d) 0.66 Dc, and e) 1.0 Dc.
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had disappeared and the dose immediately prior. The quoted error
for Dc measurements was either the dose step size between
collection of SADP's or, the variation in Dc measurement between
the grains, whichever was larger. The Dc was also obtained at
various temperatures. A Gatan heating stage was used to conduct
high temperature experiments between 300 and 1100 K whilst a
Gatan liquid helium cooling stage was used for temperatures be-
tween 50 and 275 K.
Prediction of damage depth proﬁles and estimation of the irra-
diating ion energy loss were modelled using the software package
SRIM (The Stopping and Range of Ions in Matter) [16].
The critical temperature, Tc, is the temperature at which the
material anneals at a rate sufﬁcient to remove the damage that is
accumulated from the irradiating ions. The Tc was determined,
using least squares reﬁnement, to the Dc collected at various tem-
peratures. The ﬁt is based on the equation [17].
Dc ¼ D0

1 exp

Ea
kB

1
Tc
 1
T

(1)
where D0 is the extrapolated critical dose at 0 K and kB is the
Boltzmann constant (kB ¼ 8.617342  105 eV K1). The activation
energy, Ea, and Tc were allowed to reﬁne using equation (1)
implemented with software Origin 8.5. The quality of ﬁt was
assessed both via least squares reﬁnement and by a visual com-
parison of the graphed calculated line and the data points.
In previous studies, equation (1) has yielded lower than ex-
pected activation energies and so a second equation was intro-
duced to calculate activation energy [17].
Ea ¼ Tc

kBln

D0m
∅

(2)
The incident ion ﬂux, ø, during ion-irradiation experiments was
set to 6.25  1011 ions cm2 s1. The effective thermal attempt
frequency, m, was assumed to be 1012 s1, based on the approximate
Debye frequency and not including irradiation-assisted effects,
which were considered negligible relative to thermal effects [17].
2.3. Laboratory powder x-ray diffraction
Bulk, powdered polycrystalline samples were analysed using x-
ray diffraction carried out on a Panalytical X'pert Pro laboratory x-
ray diffractometer with a weighted Cu Ka source, Ka1
l ¼ 1.5405980 Å and Ka2 l ¼ 1.5444260 Å. The diffractometer was
operated in the Bragg reﬂection geometry with sample spinner on
and diffraction data collected between 10 and 70 2q with a step
size of 0.017.
2.4. UVevis absorption spectroscopy
UVeVis absorption spectra were collected using a Lambda 35
UVeVis double beam spectrometer (Perkin Elmer), equippedwith adeuterium and tungsten lamps. The samples were examined as
ﬁnely ground powder, and the spectra were collected in diffuse
reﬂectance mode using the Labsphere RSA-PE-20 in the
200e700 nm wavelength range.
The original wavelength versus reﬂectance data was converted
to energy versus reﬂectance beforewe performed a KubelkaeMunk
transformation;
K ¼ ð1 RÞ
2
2R
where K is reﬂectance according to the KubelkaeMunk equation
and R is the absolute reﬂectance as measured. A Tauc plot [18] of K
versus photon energy was used for each sample, whilst a linear ﬁt
to the steepest vertical section of the curves extrapolated to the
intercept, gave an estimate of the band gap.
3. Results and discussion
3.1. Characterisation
It has been previously shown by Shepelev and Petrova [14] that
the average lanthanide size and/or the temperature of fabrication
inﬂuence strongly the crystal structure for compounds with stoi-
chiometry Ln2TiO5. In this study the average lanthanide size was
varied by changing the ratio of Sm to Yb. This allowed a range of
crystal structures to be fabricated whilst using the same fabrication
regime for most of the samples. The exception to this was Sm2TiO5
which required the use of a ﬂoating zone furnace to achieve a single
phase material of the desired crystal structure. An adapted version
of the temperature stability diagram proposed by Shepelev and
Petrova is shown in Fig. 3 and has the SmxYb2-xTiO5 series included.
By using mixtures, such as samarium and ytterbium, instead of
single lanthanides the stability ﬁeld lines for the different crystal
phase types are altered and this is shown in Fig. 3 using a dotted
line.
For reference the laboratory powder x-ray diffraction patterns
for the ﬁve samples studied are shown in Fig. 4. Full details of the
crystal structures of the compounds in this study are discussed
elsewhere [15] and show that.
(a) the Sm2TiO5 compound has orthorhombic Pnma symmetry
and is part of a series of Ln2TiO5 compounds with this
structure type, and
(b) the hexagonal (Sm1.4Yb0.6TiO5 and SmYbTiO5) and cubic
(Sm0.6Yb1.4TiO5 and Yb2TiO5) materials show diffuse
diffraction in the electron diffraction patterns (Fig. 1) which
is indicative of the presence of modulated structures.
The compounds Sm0.6Yb1.4TiO5 and Yb2TiO5 both have a long
range cubic ﬂuorite-like structure with small cubic pyrochlore-like
domains. Sm0.6Yb1.4TiO5 has larger pyrochlore-like domains when
compared with Yb2TiO5. The electron diffraction patterns in Fig. 1
(aed) show the crystallinity of the fabricated structures and
Fig. 3. The temperature stability diagram for the Ln2TiO5 series adapted from Shepelev
and Petrova [14] showing the expected crystal symmetry dependent on lanthanide
cation size and temperature. Overlayed onto the diagram are the ﬁve SmxYb2-xTiO5
compounds studied here. Also shown, via the dotted line, is the change to the stability
ﬁeld caused by using mixed lanthanides as was the case in the SmxYb2-xTiO5 series
studied here.
Fig. 4. X-ray powder diffraction patterns of the ﬁve SmxYb2-xTiO5 compounds studied
here showing the four major structure types. The pattern for Sm0.6Yb1.4TiO5 has “P”
placed above the pyrochlore peak positions (a more thorough study of the crystal-
lography using synchrotron powder x-ray diffraction is given elsewhere [15]).
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differences between the compounds.3.2. Ion-irradiation damage accumulation
This section discusses damage accumulation in the SmxYb2-
xTiO5 series, as indicated by the room temperature Dc measure-
ments taken in this study. The paragraphs immediately below
discuss themeasurements taken and the calculation of SRIM results
relevant to this.
Fig. 2 shows the changes in the selected area electron diffraction
patterns of the Sm2TiO5 compound with increasing ion doses, and
is representative of the patterns collected for all samples. With
increasing ﬂuence, the Bragg diffraction maxima (spots), which is
indicative of the crystalline component in the monitored grain,
decrease in intensity and the diffuse rings, indicative of the amor-
phous fraction in the monitored grain, increase in intensity. Com-
plete amorphisation was taken to be when no Bragg spotsremained.
Seeking to ascertain the dominant factors effecting damage
accumulation, we measured or calculated a variety of parameters
and compared them with the room temperature, Dc(300K), values of
the compounds in this study (see Table 1). The critical dose for
amorphisation of a compound at low temperature (for example D0)
can be considered an indicator for the susceptibility of a material to
damage, minimising temperature-assisted crystalline recovery. In
this study, we collected Dc(300K) values for all ﬁve compounds and
Dc versus temperature data for the four structure types (see Fig. 5
and Table 1). We used the Dc versus temperature data to extrapo-
late D0 values. However, because more complete data is available
for Dc(300K), we will use the room temperature values for the
following discussion on the effect of intrinsic factors on suscepti-
bility to damage.
In our SRIM simulations, the lattice displacement energies were
set to 50 eV for each of the elements, which is a rough approxi-
mation based on previous studies of related compounds [19e21],
and crystallographic densities were used [15]. A typical TEM sample
thickness of 100 nm was estimated and used to compare values
from the calculated damage proﬁles. The predicted total damage,
including displaced atoms and vacancies, taken at 100 nm depth,
are shown in Table 1.
The SRIM-based calculation of average lateral range of damage
gives the radius, perpendicular to the incident ion, of 50% total
damage (vacancies and knock-ons). The calculated average
(Table 1) was taken over the 0e100 nm damage depth proﬁle and is
used to deﬁne trends in damage cross section across the series. The
calculated values indicate no trend in cross-sectional damage area
size but there is a systematic increase in damage density per cross-
sectional area across the series with Sm2TiO5 having the least and
Yb2TiO5 the greatest concentration of damage. Based on the
increased concentration of damage we hypothesised that the Dc
values of the compounds in this study would decrease as the
average lanthanide radius decreases and the density and atomic
packing fraction (APF) increase, due to the physical cross-section
presented to the irradiating ions and subsequent increase in dam-
age accumulation rate.
The SRIM based calculations for the damage depth proﬁles of
the compounds indicate an increase in the total displacements
(dpa) at 100 nmwith increasing ytterbium content (Table 1), which
is consistent with the greater stopping power of ytterbium relative
to samarium. Regardless of the increase in cross-section presented
to the 1 MeV krypton ions by the cubic compounds (Sm0.6Yb1.4TiO5
and Yb2TiO5) as compared to the orthorhombic (Sm2TiO5) and
hexagonal (Sm1.4Yb0.6TiO5 and SmYbTiO5) compounds, the cubic
compounds required a higher dose to render them amorphous. If
damage accumulation was the only mechanism at play, the irra-
diating ion dose (ions per unit area) required for the transition from
crystalline to amorphous for the cubic samples should in fact be
lower. This is not the case, indicating a higher rate of recovery
within the cubic compounds.
Table 1 compares the Dc(300K) values with the atomic packing
fraction and density of the materials, the average lanthanide radii
and the band-gap. The physical parameters, except band-gap, were
selected due to their potential inﬂuence on the “physical” cross-
section presented to the incident ions. Band gaps are included in
Table 1 because previous experimental and modelling studies
showed that there is a correlation between the bonding in a com-
pound and its radiation resistance [22e25]. Consequently we
postulated that there might be a correlation between the band-
gaps of compounds (which are related to bonding) and their cor-
responding ion-irradiation tolerance.
Fig. 5 shows plots of the data in Table 1. Speciﬁcally Dc(300K) is
plotted against: a) average ionic radii of the lanthanides, b) density,
Table 1
Room temperature critical dose of amorphisation measurements Dc(300K) (error shown in brackets), and SRIM calculated displacements per atom, DPA, and average lateral
damage range, compared with average lanthanide radius, calculated atomic packing fraction, density and band-gap.
Compound (crystallography) Ln3 þ radius
(Å)
Atomic packing
fraction
Density (g/
cm3)
Band-Gap
(eV)
Dc(300K) (x
1014)
DPA (300 K,
100 nm)
Average lateral damage range [0
e100 nm] (nm)
Sm2TiO5 (orthorhombic) 0.958 0.56 6.25 4.03 2.53 (0.15) 0.34 87.3
Sm1.4Yb0.6TiO5 (hexagonal) 0.931 0.46 6.85 3.50 2.53 (0.3) 0.37 77.6
SmYbTiO5 (hexagonal) 0.913 0.47 6.99 3.58 2.81 (0.31) 0.41 81.2
Sm0.6Yb1.4TiO5 (cubic
pyrochlore-like)
0.895 0.64 7.37 3.47 4.31 (0.5) 0.65 87.9
Yb2TiO5 (cubic ﬂuorite-like) 0.868 0.65 7.67 3.52 5.47 (0.81) 0.74 82.4
Fig. 5. The critical dose of amorphisation, Dc(300K), at room temperature (300 K) for the Sm(x)Yb(2-x)TiO5 series of compounds plotted against characteristics considered to be of
signiﬁcant inﬂuence on a materials' tolerance to ion-irradiation damage. a) the average lanthanide ionic radius plotted against Dc, b) density trends with the higher density, cubic
samples (Sm0.6Yb1.4TiO5 and Yb2TiO5) requiring a higher Dc, c) the calculated atomic “hard” sphere volume divided by total cell volume (atomic packing fraction) versus Dc, and d)
band-gap plotted against Dc.
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lanthanide radius decreases across the SmxYb2-xTiO5 compound
series as the ytterbium to samarium ratio increases. Conversely
density increases across the SmxYb2-xTiO5 compound series as the
ytterbium to samarium ratio increases. There is some correlation
(non-linear) between the average lanthanide radius, the APF and
the density of the compounds with their Dc(300K) values (see Fig. 5).
In each case, no improvement in radiation response, Dc(300K) values,
occurs until the transition to cubic symmetry. For this series, no
correlation was observed between the band gap of the compounds
and their Dc(300K) values (Fig. 5d).
At temperatures below a compounds' characteristic ion-damage
recovery temperature, Tc, the dominant material response to ion-
irradiation exposure is damage accumulation. In the series stud-
ied here Dc(300K) values give an indication of damage accumulation
rates. The Dc(300K) values of the orthorhombic and hexagonalcompounds are the same within experimental error, while those of
the cubic compounds in this study are clearly higher. As mentioned
previously, the Dc(300K) values of all the compounds in this study
vary with average radius, density, atomic packing factor or band
gap, but do not show linear correlationwith any of these factors and
only show improvement once cubic symmetry is established. This
higher rate of recovery with compounds of cubic symmetry is
thought to be the result of differences in bonding-type between the
higher symmetry cubic compounds and the lower symmetry
orthorhombic and hexagonal compounds.3.3. Correlation of temperature-dependent radiation damage
response with physical parameters
Having focussed on the damage accumulation in the previous
section, this section looks at the recovery of crystallinity from ion-
R.D. Aughterson et al. / Journal of Nuclear Materials 471 (2016) 17e2422irradiation damage via thermal assistance.
Fig. 6 shows plots of the Dc versus temperature for samples with
each of the four crystal structure types. Critical dose data points
were least-squares ﬁtted with an exponential function (Equation
(1) the Methods section), and used for the calculation of critical
temperature and critical dose at zero Kelvin.
Table 2 lists the results of this ﬁtting process, together with the
electronic to nuclear stopping ratio, ENSP, calculated using SRIM.
The critical dose for amorphisation (D0) and the critical tempera-
ture for amorphisation (Tc) were derived directly from the expo-
nential ﬁts of the data in Fig. 6. As noted in the methods section Ea
values derived in this manner are known to be unreliable, so we
also calculated the Ea values using equation (2) in the methods
section (Ea2).
Fig. 7 shows a plot of critical temperature, Tc, versus the average
lanthanide radius of the compounds. The critical temperature, Tc, is
indicative of the energy required to mobilise defects and facilitate
crystal structure recovery. In other words, low Tc values indicate
easy damage recovery, thus improved radiation tolerance. Because
it has the lowest Tc value, the cubic ﬂuorite-like compound
(Yb2TiO5) is the most radiation resistant compound of those
investigated. The Tc values for the cubic compounds (Yb2TiO5 and
Sm0.6Yb1.4TiO5) are signiﬁcantly lower than those for the hexagonal
and orthorhombic compounds (SmYbTiO5, Sm1.4Yb0.6TiO5 and
Sm2TiO5). The Tc values for the hexagonal and orthorhombic com-
pounds are similar. So both the Tc and theDc values indicate that the
cubic compounds are more radiation tolerant than both the hex-
agonal and orthorhombic compounds (Figs. 6 and 7; and Table 2).
Despite the cubic compounds having a greater physical cross-
section and therefore accumulating higher number of displace-
ments per atom (dpa) within the experimental sample thickness,
these compounds show the best ion-irradiation tolerance. These
results suggest improved recovery mechanisms within the cubic
phase when compared to the orthorhombic and hexagonal struc-
ture types.
Single parameters that might affect radiation recovery include:
electronic to nuclear stopping power ratio values (ENSP) [26],
activation energies (Ea) [17] and band gaps. In the following dis-
cussion, we discuss how these factors might affect radiation re-
covery, our results and trends therein and make comment.
Inelastic scattering of irradiating ions introduces thermalFig. 6. The critical dose versus temperature plot of the Sm(x)Yb(2-x)TiO5 series of
compounds covering the four crystal structure types; orthorhombic (Sm2TiO5), hex-
agonal (SmYbTiO5), cubic pyrochlore-like (Sm0.6Yb1.4TiO5), and cubic ﬂuorite-like
(Yb2TiO5).vibrations (energy) into the lattice, which can assist in the structure
recovery process. The electronic stopping rate as calculated by
SRIM depends on inelastic scattering whilst the nuclear stopping
rate depends on elastic scattering. So a higher ENSP value would
suggest an ion/crystal structure interaction dominated by inelastic
scattering and the occurrence of a large thermal spike around the
region of the penetrating ion. The SRIM-calculated ENSP values for
the compounds investigated in this study are listed in Table 2, and
show little variation. However the Tc values show considerable
variation, indicating another factor is at play. The lack of variation in
ENSP values may reﬂect the fact that SRIM calculations do not take
into account the compound's crystal structure and orientation,
which affects the irradiating ion's penetration depth and energy
loss mechanisms [27].
The activation energies, Ea2, were relatively high for the Sm2TiO5
and SmYbTiO5 compounds, at 3.11 and 3.15 eV respectively and
signiﬁcantly lower for the cubic compounds Sm0.6Yb1.4TiO5 and
Yb2TiO5: 2.04 and 1.40 eV respectively. The low activation energy
values found in the cubic compounds indicate a lower energy
barrier to defect mobility compared to the other compounds. High
defect mobility allows a greater probability of recovery, with en-
ergy input either from irradiating ions or an external heat source.
As discussed earlier, previous authors observed a correlation
between the bonding and radiation resistance of compounds so the
current authors tested to see if band gap (which can broadly indi-
cate bond type) correlates with radiation response. .The size of a
band gap indicates the type of bonding present, ionic compounds
generally show small band gaps and exhibit long range bonding,
whereas covalent compounds have larger band gaps and exhibit
highly directional short range bonding. Trachenko et al. reviewed
ion-irradiation experimental studies on over 100 ceramic materials
and compared thesewith quantummechanical calculations of their
bonding types [24,25]. These studies indicated that an increase in
short range covalent bonding decreases the materials radiation
tolerance. The stronger short range covalent bonding gives rise to
potential energy minima that can act as barriers to the displaced
atoms, hindering them from recovering their lattice positions.
Several studies have proposed greater ionicity to be associated with
enhanced radiation tolerance [22e24,28]. However, no obvious
correlation was observed between the band-gap and Tc data
collected in this study. Sm2TiO5 and SmYbTiO5 had the highest Tc
and band-gap values. However there was little difference between
band-gap values of SmYbTiO5, Sm0.6Yb1.4TiO5 and Yb2TiO5, but
distinct differences in Tc. The lack of correlation may be due to the
fact that band-gap measurements are not sufﬁciently “sensitive” to
the subtle changes in bonding that occur across this series.
3.4. Comparison with previous studies
A variety of studies have been conducted to determine the fac-
tors which contribute to radiation response. Previously we [12],
investigated the ion-irradiation response of the Ln2TiO5 series
(Ln ¼ La, Pr, Nd, Sm, Eu, Gd, Tb and Dy) with orthorhombic sym-
metry. An improvement in response, lowering of Tc, with
decreasing lanthanide radius was found. This radiation response
did not occur across the entire series but did progress with
sequential improvements in Tc between samarium and dysprosium
titanates. According to the temperature stability diagram proposed
by Shepelev and Petrova [14], lanthanides of europium radius size
and smaller have the ability to transition from the orthorhombic
structure to either hexagonal or cubic symmetry at higher fabri-
cation temperatures. It was proposed that it is the ability of these
compounds to transform to the ﬂuorite-like structure when
exposed to irradiating ions that governs the improvements in ra-
diation tolerance [11]. However, our previous work [12] showed no
Table 2
Calculated results (errors in brackets) obtained from ﬁtting to Dc versus temperature data using equations (1) and (2). ENSP calculated using SRIM.
Compound ENSP D0 (x 1014) Tc (Kelvin) Ea2 (eV)
Sm2TiO5 (Orthorhombic) 0.656 2.73 (0.22) 1072 (23) 3.11
SmYbTiO5 (Hexagonal) 0.654 2.91 (0.07) 1082 (2) 3.15
Sm0.6Yb1.4TiO5 (Cubic Pyro/Fluorite) 0.653 3.60 (0.7) 697 (57) 2.04
Yb2TiO5 (Cubic Fluorite) 0.652 3.52 (0.59) 479 (44) 1.40
Fig. 7. A plot of critical temperature, Tc, versus average lanthanide cation radius. The
plot displays data points from this study on the SmxYb2-xTiO5 series of compounds and
data for La2TiO5 from Whittle et al. [4].
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indicates that something more fundamental is responsible for dif-
ferences in radiation response.
In contrast to our previous ﬁndings [12], this study did not show
an improvement in radiation resistance for compounds with the
average lanthanide radius of europium or smaller. Here, the Tc value
of the hexagonal SmYbTiO5 compound is, within statistical error,
the same as that of the orthorhombic Sm2TiO5 compound. This
indicates that the average lanthanide size of the Ln2TiO5 compound
is not the primary factor affecting the radiation tolerance. Instead,
this study showed that the radiation exposure response of a com-
pound depended on its pre-irradiation crystal structure. The com-
pounds with cubic symmetry Sm0.6Yb1.4TiO5 and Yb2TiO5 showed
the best results in radiation response for the series studied here.
Fluorite compounds and compounds that can transform to
ﬂuorite have been found to have high radiation resistance. Conse-
quently it has been speculated that if it is thermodynamically
favourable for a compound to adopt the ﬂuorite structure this im-
plies radiation tolerance [1,11,22,29,30]. In this study, the two cubic
compounds Sm0.6Yb1.4TiO5 and Yb2TiO5 both consist of long-range
defect-ﬂuorite and short-range defect-pyrochlore type structures,
in the form of nanometre sized domains. These two compounds
also showed the best radiation response with Tc values of 697 and
479 K for Sm0.6Yb1.4TiO5 and Yb2TiO5 respectively. In a study by
Whittle et al. on cubic Y2TiO5, YYbTiO5 and Yb2TiO5 compounds it
was found that Tc values decreased from Y2TiO5 to YYbTiO5 to
Yb2TiO5 in line with the crystallography of this series moving from
defect-pyrochlore to defect-ﬂuorite symmetry [3].
According to studies by Lam et al. [31,32] if it is thermody-
namically favourable for a system to accommodate disorder within
its structure then recovery from ion-induced damage should pro-
ceed more easily. If we apply this hypothesis to the system studied
here, those compounds with the greatest static disorder should
show the lowest Tc values. The most ordered compound in thisseries, Sm2TiO5, has well deﬁned cation lattice positions and no
oxygen vacancies and also has a high Tc value of 1072 K. However
SmYbTiO5 of hexagonal symmetry has greater disorder relative to
the orthorhombic Sm2TiO5 yet has a similar Tc of 1082 K. The
hexagonal structure for the Ln2TiO5 compounds may not be ther-
modynamically stable as is indicated by the narrow phase stability
ﬁeld shown for the hexagonal phase within the structure stability
diagram proposed by Shepelev and Petrova [14]. This instability
may explain the high Tc value found for SmYbTiO5. There is intrinsic
cation disorder within the Ln2TiO5 cubic systemwith cation mixing
on the B(Ti)-site of the pyrochlore structure, Ln2 (Ln0.67Ti1.33)O6.67.
This disordering is further increased if the ﬂuorite structure is
adopted as there is now complete randomisation of the cation site,
(Ln0.67Ti0.33)O1.67. The cubic compounds Sm0.6Yb1.4TiO5 and
Yb2TiO5 both show long-range defect ﬂuorite structures however
Sm0.6Yb1.4TiO5 has the larger scale, ordered pyrochlore, modulated
structure relative to Yb2TiO5. The decreasing Tc values for
Sm0.6Yb1.4TiO5 and Yb2TiO5 of 687 and 479 K respectively ﬁt with
this increasing disorder trend.
The improved radiation response may be coming from either
the greater thermodynamic stability of the defect-ﬂuorite structure
or the presence of the small domains of modulated structure or a
combination of the two.
4. Concluding remarks
In this study, the radiation damage response of ﬁve compounds
in the Sm(x)Yb(2-x)TiO5 series were measured. The ﬁve compounds
have a variety of symmetries: Sm2TiO5 is orthorhombic Pnma;
Sm1.4Yb0.6TiO5 and SmYbTiO5 are hexagonal P63/mmc, Sm0.6Yb1.4-
TiO5 is cubic Fd-3m; and Yb2TiO5 is cubic Fm-3m. The room tem-
perature Dc (critical dose of amorphisation) value for each
compound was measured and data were collected so that the Tc
(the critical temperature) values of each compound could be
determined.
Sm2TiO5, Sm1.4Yb0.6TiO5 and SmYbTiO5 displayed similar, poor
radiation response. Based on the results of this study, improved
radiation tolerance for the Ln2TiO5 series of compounds is only
found in the higher symmetry crystal structures of the cubic
compounds.
Band-gap measurements of this series of compounds were
collected and used in an attempt to quantify bonding. This
approach was used in the hope of establishing trends between
radiation tolerance response and the average bonding within each
material. Whilst the band-gap measurements proved good enough
to qualitatively establish all materials to have values indicative of
ionic bonding they were not sensitive enough for quantitative
analysis of bonding.
Based on this study and the current published data, compounds
with stoichiometry Ln2TiO5 show good radiation tolerance if they
can be fabricated with cubic symmetry. The structure of cubic
Ln2TiO5 compounds consists of a long-range defect-ﬂuorite matrix,
and modulated short-range defect-pyrochlore domains. The
domain size of defect-pyrochlore is speculated to inﬂuence the
radiation response, with the defect-ﬂuorite matrix containing the
smaller defect-pyrochlore domains performing best.
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7.3. The crystal structures and corresponding ion-irradiation response 
for the Tb(x)Yb(2-x)TiO5 series 
 
As with the previous crystal structure and ion-irradiation systematic studies on the SmxYb2-
xTiO5 system, here we used varied ratios of terbium and ytterbium as a systematic way of 
controlling the final Ln2TiO5 crystal structure. The use of different fabrication regimes and 
the resulting crystal structures was thoroughly investigated. The first fabrication of a single 
phase bulk material Tb2TiO5 with hexagonal symmetry meant that, for the first time, a 
mono-lanthanide Ln2TiO5 with hexagonal symmetry could have its crystal structure 
thoroughly characterised. 
 
There are two distinct parts to this study: The crystal structures of the TbxYb2-xTiO5 series 
of compounds are thoroughly characterised, with all but Tb2TiO5 (orthorhombic and 
hexagonal) and Tb1.6Yb0.4TiO5 (hexagonal) found to have cubic symmetry. The ion-
irradiation response of the Tb2TiO5 orthorhombic and hexagonal polymorphs are compared, 
along with the systematic study of several of the cubic compounds. 
 
As with previous studies, it was found that the lanthanide radius influences the crystal 
structure and this influences the ion-irradiation response. However, it is possible through 
different sintering regimes to alter the crystal structure and this has been shown to also 
influence the ion-irradiation response. In particular, the orthorhombic Tb2TiO5 performed 
better in ion-irradiation response than the hexagonal symmetry Tb2TiO5. As with our 
previous SmxYb2-xTiO5 ion-irradiation study, the cubic compounds performed the best with 
those consisting of the defect fluorite structure performing better than those with medium-
range pyrochlore structure. 
 
There was a general trend of decreasing cubic cell parameter with a decrease in lanthanide 
radius size. X-ray diffraction revealed a pyrochlore structure for Tb1.2Yb0.8TiO5, 
TbYbTiO5, and Tb0.8Yb1.2TiO5 compounds and a fluorite structure for Tb0.4Yb1.6TiO5 and 
Yb2TiO5 compounds. However the use of a slow cooling rate during sintering allowed the 
pyrochlore structure to be formed for the Yb2TiO5 sample. 
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A B S T R A C T
The Ln2TiO5 (Ln = lanthanides and yttrium) compounds ﬁnd use in nuclear, electronic and battery applications
but there is a lack of information correlating the synthesis, structure and properties of these materials. We give
an in depth review of the current available literature on the Ln2TiO5 compounds. New structural ﬁndings of the
TbxYb2−xTiO5 (x = 0, 0.4, 0.8, 1, 1.2, 1.6, 2) compounds are detailed and their response to 1 MeV krypton ion
exposure is discussed. A single phase Tb2TiO5 sample with hexagonal symmetry is the ﬁrst bulk, single phase,
mono-lanthanide with this stoichiometry and symmetry to be reported. Thus this work brings together the
current literature and illustrates the synthesis-structure-property relationships that are observed in this family.
1. Introduction
The lanthanide titanate compounds of Ln2TiO5 stoichiometry ex-
hibit a variety of structures and chemistries, which impacts their
properties and hence their suitability for various applications. Ln2TiO5
compounds have been used or proposed for use as burnable poisons
within the nuclear fuel matrices [1], containment materials for high
level radioactive waste [2–8], and ionic conductors for either battery
storage [9] or electronic applications [10,11].
Nuclear fuel assemblies can be designed to accommodate excess
reactivity, so as to increase nuclear fuel burn-up and extend the usable
life of the fuel. The excess reactivity existing in a freshly loaded reactor
is balanced by introducing shim or control rods (containing elements or
compounds with large thermal neutron absorption cross-sections to
soak up excess neutrons) or by adding boron to the reactor coolant.
Compounds containing the absorbing elements are known as burnable
poisons. Boron carbide and boron-doped steel are currently used in
control rods for Russian power water reactors. However radiation in-
duced damage occurs within these absorber materials resulting from
the neutron absorption by the 10B isotope, formation of alpha particles,
and subsequent helium formation and swelling [1].
Alternative ceramic compounds, many containing lanthanides, have
been investigated for use as burnable poisons. Dy2TiO5 has been suc-
cessfully used as a neutron absorber within control rods for both the
MIR (Modernised International Reactor) and VVER (Water-Water
Energetic Reactor) reactors in Russia for numerous years [1]. The
ﬂuorite structured poly-type was found to be best for this application
due to the fact it suﬀers minimal swelling upon exposure to radiation
[1]. Pellets designed with varying ratios of Gd2TiO5 and Gd2Ti2O7
phases were tested for radiation response within the HANARO research
reactor and of the four specimens tested three showed no thermal or
irradiation induced swelling within experimental error [12].
Nuclear waste needs to be immobilised in a manner which ensures
the safety of handling, society and the environment. Currently high
level waste (HLW) from the reprocessing of spent nuclear fuel (SNF)
and other sources is dispersed in borosilicate glass. However bor-
osilicate glass is not suitable for the long term storage of all HLW
streams or for a variety of other nuclear waste streams. Alternative
waste form matrices have been studied for several decades including
the multi-phase ceramic based waste-forms known as Synroc (Synthetic
Rock) [13,14]. A variety of Synroc formulations have been designed to
suit a variety of waste-streams, but all formulations incorporate titanate
compounds. Studies of natural pyrochlore and zirconolite minerals,
which incorporate actinides, show that they are largely radiation tol-
erant and chemically stable over geological timescales. Consequently,
the radiation responses of pyrochlore-structured synthetic titanate
compounds have been intensively studied [3,7,15–27]. Some of the
Ln2TiO5 compounds have a short-range defect-pyrochlore, long-range
defect-ﬂuorite structure. Consequently radiation tolerance studies have
also been undertaken for some of those compounds [1–3,7,28]. Of
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Received 28 August 2017; Received in revised form 15 September 2017; Accepted 25 September 2017
⁎ Corresponding author at: Australian Nuclear Science and Technology Organisation, Lucas Heights, NSW 2234, Australia.
E-mail address: roa@ansto.gov.au (R.D. Aughterson).
Ceramics International 44 (2018) 511–519
Available online 27 September 2017
0272-8842/ Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.
T
particular interest are those compounds with either pyrochlore, or
especially, ﬂuorite structures, which tend to show good radiation tol-
erance.
1.1. The structure of bulk Ln2TiO5 compounds
There are a range of polymorphs for the Ln2TiO5 system of com-
pounds, with the ﬁnal phase being dependent on temperature and/or
pressure of fabrication and the lanthanide radius size (see Fig. 1) [29].
When fabricated at atmospheric pressure, there are four main poly-
morphs; orthorhombic Pnma, hexagonal P63/mmc, cubic Fd-3m and
cubic Fm-3m symmetry. Shepelev and Petrova [29] identiﬁed a mono-
clinic B2/m phase for the compound Dy2TiO5, although there have been
relatively few other references to this symmetry for the other Ln2TiO5
compounds. In the same study a temperature stability diagram (Fig. 1)
was proposed with sintering temperature plotted against lanthanide
radius size.
The temperature stability diagram in Fig. 1 indicates that the fol-
lowing statements can be made about the Ln2TiO5 series of compounds;
• Those containing large radii Ln elements (lanthanum to samarium)
have only orthorhombic symmetry.
• Europium and gadolinium Ln2TiO5 compounds can have orthor-
hombic or hexagonal symmetry.
• Terbium, dysprosium, and holmium compounds can have orthor-
hombic, hexagonal or cubic symmetry.
• Erbium to lutetium compounds only form in cubic symmetry.
The Ln2TiO5 compounds containing the larger lanthanides and
fabricated at atmospheric pressure normally adopt the orthorhombic,
space group Pnma (62), symmetry. This is isostructural with the or-
thorhombic Y2TiO5 discovered by Mumme and Wadsley [30]. Of the
three cation sites, the larger lanthanide occupies two sites, each seven
co-ordinated, consisting of scalenohedra, minus an oxygen atom, which
creates the deformed cube. The third site is exclusively occupied by
titanium and has a unique ﬁve co-ordinated square based pyramid
polyhedron in which the titanium atom is slightly oﬀset from the base.
The polyhedra are predominantly edge shared and this creates rhombic
and triangular tunnels along the b axis, based on Pnma symmetry. It
was these tunnels that were highlighted as a potential source of ion
conduction in a previous lithium and sodium ion battery study [9].
With the Ln2TiO5 compounds containing europium to holmium (and
yttrium) there is a small stability ﬁeld for the hexagonal, space group
P63/mmc (194), symmetry which is isostructural with the beta phase
beryllium nitride β-Be3N2. There are two ﬁxed cation sites, with the
ﬁrst Wyckoﬀ position, 2a fully occupied by the lanthanide. However
the second site, 2c, has mixed occupancy of lanthanide and titanium.
All atoms are on special crystallographic sites with the exception of one
of the two anion sites, the oxygen z(4f). All sites are fully occupied with
the exception of the mixed cation B-site with an approximate vacancy
of 20% [29]. These vacancies act to balance charge and so the per-
centage varies depending on the oxidation states of the cations and
anions present [31]. The lanthanides reside within octahedra, whilst
the mixed titanium and lanthanide B-site reside in a trigonal bi-pyr-
amid. The polyhedra are arranged in an alternating layered A-site, B-
site fashion with the overall structure being made up of six-layer repeat
that is close packed with the mixed cation site located on the third and
sixth layers [29]. The polyhedra connect via corner sharing across the
layers and predominantly edge sharing within the layers.
For the Ln2TiO5 compounds with smaller radii lanthanides, from
terbium to lutetium, cubic symmetry is found. The sintering tempera-
tures and cooling rates have a large inﬂuence on the ﬁnal dominant
form, i.e., cubic symmetry consisting of either the defect-pyrochlore or
defect-ﬂuorite type structures.
The materials that are isostructural with pyrochlore have cubic,
space group Fd-3m (227), symmetry [32]. Assuming the most common
cation oxidation states Ln3+ and Ti4+ are achieved for the Ln2TiO5
stoichiometry, there will be inherent oxygen vacancies within the
pyrochlore structure. Pyrochlore structured compounds would nor-
mally have the stoichiometry of Ln2Ti2O7 rather than the Ln2TiO5
[Ln2(Ti1.33Ln0.67)O6.67]. For the pyrochlore structure, there is only one
variable positional parameter, the oxygen x(48f). Usually, in the ideal
pyrochlore structure origin choice 2, the O(2) 8a-site is not occupied,
although, due to the cubic Ln2TiO5 compounds having been described
as long-range ﬂuorite, short-range pyrochlore, it is possible for some
oxygen to be found occupying this site [33]. The pyrochlore structure
consists of an A-site occupied by the lanthanide, eight co-ordinated,
forming scalenohedra linked via edge sharing, and a B-site shared by
lanthanide and titanium forming octahedra that are linked via corner
sharing. The scalenohedra and octahedra link via edge sharing, with
these polyhedra forming two interpenetrating networks. This mixing on
the B-site is unusual for pyrochlore structures, as one of the major de-
ﬁning diﬀerences between the pyrochlore and ﬂuorite structures is the
ordering of cations onto diﬀerent sites for the former and the disordered
nature of the cations for the latter.
The pyrochlore structure is a 2 × 2 × 2 supercell of ﬂuorite. The
complete disordering of cations usually requires their respective ionic
radii to be similar. This means that the smaller lanthanides, i.e., the
ones tending toward the titanium radius size, tend to form ﬂuorite more
easily when compared with the larger lanthanides. An empirically de-
rived cation radius ratio has been developed to indicate stability ﬁelds
for pyrochlore and defect-ﬂuorite formation for A2B2O7 compounds.
Radius ratios rA / rB< 1.46 should result in ﬂuorite, and ratios from
1.46 to 1.78 should result in the pyrochlore symmetry [32]. For lan-
thanides terbium to lutetium it has been shown that it is possible to
fabricate the Ln2TiO5 compound with cubic, Fm-3m (225), symmetry
[34]. Compared with the ideal ﬂuorite cation to anion ratio (MX2), the
Ln2TiO5 compounds (MX1.67) have signiﬁcant anion vacancies.
The ideal ﬂuorite structure consists of an eight co-ordinated cation
site creating edge sharing cubic polyhedra. However the signiﬁcant
vacancies intrinsic to the Ln2TiO5 compound with ﬂuorite symmetry
require distortion of the polyhedra. A thorough description of the
ﬂuorite Ln2TiO5 structure is yet to be realised due to the slightly in-
commensurate pyrochlore phase that is also present [33], and the
complexity of diﬀuse scattering within electron diﬀraction patterns
[31].
1.2. Ln2Ti2O7 to Ln2TiO5
Lau et al. fabricated single phase cubic (defect ﬂuorite) Ln2TiO5
compounds, with Ln from terbium to lutetium, by using high
Fig. 1. Temperature stability diagram for the conventional solid oxide route fabrication
of bulk Ln2TiO5 compounds. This diagram is adapted from that proposed by Shepelev and
Petrova [29].
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temperature sintering, 1700 °C, or arc melting [34]. They also showed
the existence of a solid solution between Ln2Ti2O7 and Ln2TiO5 (from
Dy to Lu) where a trend from pyrochlore to defect ﬂuorite symmetry
was shown. Terbium within the Ln2Ti2O7 to Ln2TiO5 system showed
limited solubility near either end of these stoichiometries due to the
narrow temperature stability ﬁeld for cubic Tb2TiO5 formation.
While Fig. 1 suggests that lanthanides from lanthanum to samarium
only exist in orthorhombic form, this ﬁgure is based on fabrication
performed at atmospheric pressure. A study by Zhang et al. [35] on
high pressure synthesis of La2TiO5 and Nd2TiO5 showed that these
compounds could transition from orthorhombic to hexagonal sym-
metry. It is possible to fabricate some hexagonal Ln2TiO5 compounds at
atmospheric pressure (Ln = Eu to Ho and Y), however the stability
ﬁelds for these is relatively narrow.
1.3. Ln2TiO5 to Ln*2TiO5
The temperature stability ﬁeld for the hexagonal phase has been
shown to increase signiﬁcantly if certain mixtures of lanthanides are
used. Solid solution studies of pseudo-binary systems Ln2TiO5 –
Ln*2TiO5 (Ln = La, Gd, Tb, Er; and Ln* = Tb, Lu) by Petrova and
Grebenshchikov [36] showed that solid solutions exist in all systems
except the La2TiO5 – Lu2TiO5 system, which has limited solubility, with
some requiring higher sintering temperatures to achieve homogeneity.
Of note was a signiﬁcant increase in the temperature stability ﬁeld for
the hexagonal symmetry when Gd2−xLuxTiO5 (x ~ 0.2–1) compounds
were formed. Due to this increase in stability ﬁeld, crystallographic
studies of single crystals of Gd2−xLuxTiO5 (x = 0.2 and 0.4) with
hexagonal symmetry could be carried out [29]. A previous study by the
authors has also used the pseudo-binary system, Sm2TiO5 – Yb2TiO5, to
study the hexagonal structures of Sm1.4Yb0.6TiO5 and SmYbTiO5 com-
pounds [31].
Based on data summarised in the temperature stability diagram in
Fig. 1 and the studies of pseudo-binary systems mentioned above, it is
clear that the lanthanide radius size aﬀects the Ln2TiO5 symmetry.
Using the ionic radii sizes developed by Shannon [37] and considering
only Ln2TiO5 compounds fabricated at atmospheric pressure; Ln3+ (VII)
radii from 1.10 to 1.02 will form orthorhombic symmetry, between
1.01 and 1.00 either orthorhombic or hexagonal, 0.98 to 0.958 either
orthorhombic, hexagonal or cubic, and 0.945 to 0.919 will form cubic
symmetry. The stability ﬁelds can be modiﬁed by using high pressures
during synthesis [35], combinations of lanthanides [36], or metal oxide
doping [38]. For example, the cubic polymorph for the Dy2TiO5 com-
pound transitions from hexagonal to cubic symmetry at 1680 °C and has
a melting point of 1875 °C [39]. Sinha et al. [38] found that the addi-
tion of MoO3 to the mixture of Dy2O3-TiO2 resulted in the formation of
Dy2TiO5 and Dy2Ti2O7 with cubic symmetry and the uniform dis-
tribution of molybdenum in both compounds at sintering temperatures
from 1250 to 1600 °C.
1.4. Irradiation studies carried out on the Ln2TiO5 system
The response of a material with respect to crystal structure, when
exposed to high-energy particles is of interest to both nuclear applica-
tions and electronics. The following studies are nuclear-focussed, with
an emphasis on the radiation-induced phase transition from crystalline
to amorphous or volume expansion.
For the development of waste-form host matrices to incorporate and
encapsulate high-level radioactive waste, resistance to the structural
degradation caused via exposure to high-energy particles is highly de-
sirable. Waste-forms are designed for long-term storage of radio-
nuclides, over geological time periods (104 to 106 years), providing a
barrier against leaching into the environment and a safe-to-handle
material. It is not feasible to conduct testing and validation of waste-
form materials over these time-scales, so alternative validation methods
such as studying natural radionuclide containing minerals [40–43],
doping synthetic materials with highly active radioactive isotopes
[26,27], placing test materials within a nuclear reactor [44–46], or
exposure to energetic ions [25,47–52], may be used. Neutron irradia-
tion within nuclear reactors and exposure to energetic ions coupled
with TEM characterisation are the two main approaches used to char-
acterise radiation response of Ln2TiO5 systems of compounds.
A systematic study by Whittle et al. [8] on the ion-irradiation re-
sponse of the two binary systems, La2O3-Al2O3 and La2O3-TiO2, showed
La2TiO5 to have the highest critical temperature (Tc), 1027 K, of all
compounds studied. The Tc value represents a temperature above which
the rate of recovery from ion-irradiation damage, recrystallisation, is
suﬃcient to maintain at least some crystallinity. Thus, a lower Tc is
desirable. Several explanations for the higher Tc found in La2TiO5 of-
fered include an inverse trend between higher melting temperatures
and lower Tc values, a crystal structure eﬀect, and the observation that
more highly ordered materials tend to have higher Tc values.
A systematic study of several Ln2TiO5 (Ln = La, Nd, Sm, Gd, Dy and
Y) compounds with orthorhombic symmetry by Zhang et al. [5] found
that, whilst the larger lanthanides, from La to Sm, had high Tc values,
there was sequential improvement in Tc with decreasing lanthanide size
from Sm to Y. It was shown via selected area electron diﬀraction
(SAED) that a transition from the orthorhombic to defect ﬂuorite
symmetry occurred with ion-irradiation in the Ln2TiO5 compounds
containing smaller lanthanides Gd, Dy and Y. Similar phase transitions
have been detected in a swift heavy ion-irradiation (Xe ions at
1.47 GeV) response study on Ln2TiO5 (Ln = La, Nd, Sm and Gd)
compounds [6]. The high energy xenon ions create damage tracks
within the test specimens, which were subsequently analysed within the
TEM for amorphous and re-crystallisation cross-section. For the irra-
diated Sm2TiO5 compound, the outer shell region of the damage tracks
was shown to have re-crystallised. This re-crystallisation was inter-
preted as a phase transition from orthorhombic to defect ﬂuorite sym-
metry based on the Fast Fourier Transform (FFT) of high resolution
images (HREM). An earlier study of the response of Gd2TiO5 to swift
heavy ions (2.2 GeV Au ions) by Zhang et al. [53] found a phase
transition from orthorhombic to hexagonal symmetry. This work was
also based on FFT of HREM.
A systematic study of the ion-irradiation response for the orthor-
hombic Ln2TiO5 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb and Dy) series has
also been carried out [4]. A similar trend, to that found by Zhang et al.,
of improving Tc with decreasing lanthanide radius from samarium to
dysprosium was shown. In this case, grazing incidence XRD was used to
investigate any phase transitions occurring with exposure to ion-irra-
diation for the Dy2TiO5 compound at room temperature and at tem-
peratures around and above Tc. No phase transition was detected using
this approach, with amorphisation shown to occur for the room tem-
perature irradiations and the original orthorhombic phase remaining
when the sample was held at or above its Tc.
With four main symmetry types being available in the Ln2TiO5
system of compounds, a systematic study of the radiation response for
each of these structure types was carried out using SmxYb2−xTiO5 (x =
2, 1.4, 1, 0.6, and 0) compounds [2]. The Tc values determined for
orthorhombic Pnma symmetry Sm2TiO5 and hexagonal P63/mmc sym-
metry SmYbTiO5, were the same within the range of experimental
uncertainty, with Tc values 1072 (± 23) and 1082 (± 2) K respec-
tively. The compounds with cubic symmetry; Sm0.6Yb1.4TiO5 (Fd-3m)
and Yb2TiO5 (Fm-3m) show marked improvement in radiation response
with Tc values of 697 and 479 K respectively.
Other studies have also indicated an improvement in radiation re-
sponse for Ln2TiO5 compounds with cubic symmetry. Whittle et al. [7]
investigated the ion-irradiation response for the Ln2TiO5 and Ln2Ti2O7
(Ln = Y and Yb) systems of compounds. The focus was on the im-
provement in radiation response with increasing disorder within the
pyrochlore to ﬂuorite system of structures. A general trend of improved
radiation response was found for compounds with Ln2TiO5 stoichio-
metry when compared with Ln2Ti2O7, and for Ln2TiO5 compounds
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containing smaller lanthanides. This trend was associated with the in-
trinsic higher disorder for cubic Ln2TiO5 compounds and the more
energetically favourable transition to defect ﬂuorite for smaller lan-
thanides.
This improvement in radiation response with greater disordering
from the pyrochlore to defect ﬂuorite structure was also shown to occur
in the solid solution Lu2(Ti2−xLux)O7−x/2 (x = 0, 0.4 and 0.67) [54].
The end-member in this series Lu2TiO5 was found to be the most tol-
erant, based on the amorphous fraction determined using grazing in-
cidence XRD. The inherent disorder (non-speciﬁc sites for the cations)
of the Lu2TiO5 compound with a defect ﬂuorite structure means there is
an inherent ability for the structure to incorporate and accommodate
cationic disordering when exposed to ion-irradiation. A similar sys-
tematic study of Er2(Ti2-xErx)O7−x/2 (x = 0, 0.162, 0.286, 0.424 and
0.667) carried out by Yang et al. [3] again showed a structural trend
from pyrochlore to ﬂuorite with increasing x. The end composition of
Er2TiO5 showed the smallest increase in amorphous fraction of all the
compounds tested.
An in-reactor (HANARO research reactor) test in which the radia-
tion response of mixed phase gadolinium titanates was measured by
Kim et al. [12] showed promising results for the Gd2TiO5 pellets. Two
mixed-phase pellets were selected for in-reactor testing consisting of a)
predominantly Gd2TiO5 in orthorhombic form with some Gd2Ti2O7
with pyrochlore structure, and b) Gd2Ti2O7 (pyrochlore) with TiO2
(rutile). The Gd2Ti2O7 and TiO2 mixed phase showed signiﬁcant swel-
ling and micro-cracking upon post-test measurement and observation.
The Gd2TiO5 and Gd2Ti2O7 mixed phase pellet, on the other hand,
maintained its structural integrity with no micro-cracking detected and
minimal swelling measured. Previous ion-irradiation based studies have
shown the Gd2TiO5 compound to perform poorly with a relatively low
critical dose of amorphisation and high critical temperature for re-
crystallisation. However the estimated reactor centre temperature with
radial power depression was 1423 K and with uniform power dis-
tribution 1773 K, with both of these well above the measured critical
temperature for recrystallisation found in the Gd2TiO5 compound.
According to Risovany et al. [1], dysprosium titanate compounds
have been used as control rods in several Russian reactors; MIR (17
years), VVER (4 years), and RBMK-1000 (2 years), with the pellets
maintaining their shape, integrity and dimensions through the duration
of their use. The Dy2TiO5 compound with defect ﬂuorite structure
showed the least amount of swelling when compared with the other
polymorphs of this stoichiometry and the pyrochlore Dy2Ti2O7.
Some of the desired properties of ceramic oxides used for nuclear
application include tolerance to irradiation and chemical durability
allowing structural integrity to be maintained throughout the material
life-time. There have been many studies showing links between crystal
structure and radiation response. In this study we use a controlled
systematic study of the TbxYb2−xTiO5 (x = 0, 0.4, 0.8, 1, 1.2, 1.6, 2)
series to produce a range of crystal structures with Ln2TiO5 stoichio-
metry. By thoroughly characterising the crystal structures for this series
followed by tracking the ion-irradiation (1 MeV Kr+) response we can
draw trends relating material characteristics with radiation response.
2. Methods
Bulk, polycrystalline Ln2TiO5 samples were each prepared by
mixing stoichiometric amounts of Tb4O7, Yb2O3 and TiO2 (Aldrich
99.9% purity). The mixed powders were consolidated into pellets of ~
15 mm width initially via a cold uniaxial press, followed by a cold
isostatic press operated at 400 MPa. Sintering for the TbxYb2−xTiO5
series of compounds was carried out at 1600 °C / 30 h with heating and
cooling at 5 °C/min. A sample of Tb2TiO5 was also fabricated using two
separate sinters 1500 °C / 48 h plus 1350 °C / 48 h. A sample of
Yb2TiO5 was sintered at 1500 °C / 48 h followed by a slow cool of
0.1 °C/min to 1000 °C and cooling to ambient at 5 °C/min.
A sample of Tb2TiO5 was also fabricated using a Floating Zone
Furnace. This sample was initially sintered using the conventional solid
state route approach described above. The pellet was then ground into a
ﬁne powder before being reformed into two cylindrical rods using a
hydrostatic press operated at 60 MPa. The optical ﬂoating zone furnace
(Crystal Systems Corporation, model; FZ-T-10000-H-VI-VPM-PC) con-
sisted of four 300 W ﬁlament lamps, which were focussed onto the hot
zone to achieve temperatures suﬃcient to melt the ceramic rods.
All samples were characterised by using a Zeiss Ultra Plus Gemini
scanning electron microscope (SEM) operated at 15 keV, ﬁtted with an
in-lens angle selective backscatter (AsB) detector. The SEM was also
equipped with an Oxford X-Max Silicon Drift Detector Energy
Dispersive X-ray Spectrometer (EDX) allowing EDX spot analysis to be
carried out. The EDX data were analysed using an Oxford INCA
Microanalysis software system with cation ratios calculated using the
standardless Cliﬀ-Lorimer method. Further phase analysis and structure
determination was carried out via powder XRD using the laboratory
based PANalytical X′pert Pro diﬀractometer with weighted Cu-Kα ra-
diation (Kα1 = 1.54060 Å, Kα2 = 1.54443 Å, Kα1 / Kα2 = 2). For the
TbxYb2−xTiO5 series of compounds Rietveld analysis was performed to
reﬁne the structural details using the powder XRD data, with calcula-
tions performed using Rietica software [55].
Synchrotron powder XRD data were collected for the Tb2TiO5
compound by using the powder diﬀraction beamline 10-BM-1 at the
Australian Synchrotron [56]. The X-ray wavelength was tuned to
0.776367 Å and LaB6 was used as the standard to calibrate the wave-
length. The detector was a Mythen giving an angular resolution of
0.01°. The powder XRD data were collected between 5< 2θ<85°. The
ﬁtting of the calculated intensity proﬁles was achieved using the
pseudo-Voigt function, background was user deﬁned, and thermal
parameters were set to isotropic for all except for the A-site cation, Tb,
which was anisotropic.
The in-situ ion-irradiation experiments were carried out using the
IVEM-TANDEM facility at Argonne National Laboratory. This facility
consists of a Hitachi 9000-NAR transmission electron microscope (TEM)
operated at 300 keV, interfaced with an NEC ion accelerator. TEM
specimens consisted of crushed grains dispersed in ethanol then placed
onto a holey carbon ﬁlm with copper mesh support grid. All TEM
specimens were plasma-cleaned using a South Bay Technology PC 150
Plasma cleaner prior to insertion into the TEM. A Nd-doped zirconolite
was used as a standard reference. Its critical dose of amorphisation, Dc,
was compared with numerous previous tests to conﬁrm a consistent ﬂux
of 1 MeV Kr2+ ions was incident on the area of interest. For all in-situ
experiments 1 MeV Kr2+ ions were used at a ﬂux of 6.25 ×
1011 ions cm−2 s−1. For each critical dose measurement, ﬁve grains
were selected to give statistical conﬁdence in the measurements. Each
of the grains was monitored via bright ﬁeld imaging, together with
selected area electron diﬀraction patterns (SAED). The presence of
Bragg diﬀraction maxima in the SAED patterns was indicative of crys-
tallinity within the grain. Ion-irradiation and monitoring of the spe-
cimen with the electron beam were carried out separately to minimise
any synergistic eﬀects between the ion and electron beams. The grains
were monitored until all Bragg diﬀraction maxima had disappeared
from the SAED, indicating that the grain was completely amorphous.
The average of the ﬂuence between the ﬁnal point where no maxima
were present and the previous ﬂuence was taken to be the critical dose,
Dc. The quoted error for Dc measurements was either the ﬂuence step
size between collection of SAED's or the variation in Dc measurements
between the grains, whichever was larger. The Dc was also measured at
elevated temperature using a Gatan heating stage.
The critical temperature, Tc, is the temperature above which the
damage introduced via the irradiating ion is annealed at a suﬃcient
rate so as to maintain a crystalline structure. The Tc was determined
using least squares reﬁnement of the Dc versus temperature values,
ﬁtted using the following equation [57];
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Here the D0 represents the calculated critical dose of amorphisation
at 0 K, Ea the calculated activation energy and kB the Boltzmann con-
stant (kB = 8.617342 × 10−5 eV K−1).
Previous studies using Eq. (1) have yielded activation energies
below those expected and so a second equation has been introduced for
activation energy calculation [57];
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The incident ion ﬂux, ø, during ion-irradiation experiments was set
to 6.25 × 1011 ions cm−2 s−1. The eﬀective thermal attempt fre-
quency, μ, was assumed to be 1013 s−1 based on the approximate Debye
frequency.
3. Results and discussion
3.1. Synthesis
Fabrication was carried out via the conventional solid state route for
all specimens with the exception of Tb2TiO5 which was also fabricated
using a ﬂoating zone furnace.
Phase purity was analysed by collecting SEM back-scattered images
and observing the presence of any secondary phase, highlighted via
phase contrast. Energy dispersive x-ray spectroscopy (EDX) spot ana-
lysis was also used to determine homogeneity and conﬁrm the relative
cation stoichiometry where the oxygen was pre-set to ﬁve (expected
nominal stoichiometry was Ln2TiO5). X-ray diﬀraction was used to
determine the symmetry of the design phase and also the presence of
any secondary phases.
In this study a systematic approach was used to fabricate com-
pounds with the Ln2TiO5 stoichiometry in several of the available
polymorphs for this system. This was achieved by using the variety of
available ionic radii shown from terbium Tb3+ (VII) of 0.98 Å to yt-
terbium Yb3+ (VII) of 0.925 Å, and ratios to control the average lan-
thanide radius size (ionic radii according to Shannon [37]). The com-
binations fabricated using the solid-state route, with sintering at
1600 °C, included TbxYb2−xTiO5, with x = 2, 1.6, 1.2, 1, 0.8, 0.4 and 0,
with all forming bulk single phase materials except Tb2TiO5 and
Tb1.6Yb0.4TiO5. The ﬂoating zone furnace was used to give a controlled
melt, seeding and re-crystallisation of the Tb2TiO5 compound resulting
in a single-phase material. No further fabrication attempts were carried
out for the Tb1.6Yb0.4TiO5 compound.
Synthesis of single phase Ln2TiO5 compounds with hexagonal
symmetry has proven elusive, partly due to the very narrow tempera-
ture stability ﬁeld available for this structure. Whilst lanthanides from
europium to holmium and yttrium have been shown to transition into
hexagonal form [39] their temperature stability ﬁelds tend to be rela-
tively narrow.
The greatest temperature stability ﬁelds for hexagonal symmetry
exist for the Tb2TiO5 and Dy2TiO5 compounds. According to Petrova
et al. [39] Tb2TiO5 undergoes an orthorhombic to hexagonal phase
transition at 1520 °C. In our study some hexagonal phase was found for
the sample sintered to 1500 °C. The presence of the hexagonal phase
was removed by a second sintering at 1350 °C showing a reversible
phase transition from hexagonal to orthorhombic. Sintering at 1600 °C
produced Tb2TiO5 with only hexagonal symmetry however SEM ana-
lysis (backscattered image shown in Fig. 2) showed very subtle cation
ratio variation; Tb2TiO5 and Tb2.1Ti0.9O5 (Tb±0.04, Ti± 0.02), based
on EDS analysis, within the two phases. However by taking the Tb2TiO5
compound to its’ melting point, using the ﬂoating zone furnace, and
cooling in a controlled manner it was possible to form a single phase
material with hexagonal symmetry. In a previous study by Lau et al.
[34] both Tb2TiO5 and Dy2TiO5 were formed in cubic symmetry by arc
melting followed by rapid quenching, whilst slower cooling from high
temperature resulted in a mixed cubic and hexagonal phase.
Cubic phases have been synthesised in previous studies for lantha-
nides from terbium to lutetium. The cubic structure has been described
as long-range defect-ﬂuorite, short-range defect-pyrochlore with the
pyrochlore-like phase existing as nano-domains [31,33,58]. For the
Tb0.4Yb1.6TiO5 and Yb2TiO5 compounds with cubic symmetry fabri-
cated in our study the coherence length of x-rays used in XRD were not
suﬃcient to detect the nano-domains of pyrochlore-like structure.
These pyrochlore nano-domains could however be detected via electron
diﬀraction in the TEM where diﬀuse scattering showed the presence of
a modulated structure, relative to ﬂuorite symmetry, with pyrochlore
symmetry almost commensurate with that of the ﬂuorite.
The most successful conversion of Yb2TiO5 from the high tem-
perature ﬂuorite Fm-3m symmetry to lower temperature pyrochlore Fd-
3m was achieved by sintering to 1500 °C, followed by slow cooling at a
rate of approximately 0.1 °C per min down to 1000 C°, followed by
cooling at 5 °C/min to ambient temperature. By using a slow cooling
rate from a second sinter of the Yb2TiO5 compound the domain size of
pyrochlore ordered regions are able to grow large enough to be de-
tected using XRD. The XRD patterns for Yb2TiO5 sintered at 1600 °C,
showing ﬂuorite symmetry, and Yb2TiO5 sintered at 1500 °C followed
by slow cooling 0.1 °C/min, showing pyrochlore symmetry, are dis-
played in Fig. 3.
3.2. Mixed lanthanide titanates
An investigation of several pseudo-binary systems, Ln2TiO5-
Ln*2TiO5, by Petrova and Grebenshchikov showed a controlled means
of fabricating (LnLn*)2TiO5 compounds in the available major poly-
morphs [36]. This worked for combinations where either gadolinium or
terbium was combined with lutetium. Combinations of lanthanum and
lutetium resulted in an incomplete solid solution, whilst combinations
of erbium and lutetium gave only cubic symmetry. This same approach
was used by the authors to fabricate combinations of samarium and
ytterbium into all of the main symmetries of the Ln2TiO5 system [31].
Tb2TiO5 was also fabricated in the orthorhombic symmetry and
hexagonal symmetry separately. Whilst Tb1.6Yb0.4TiO5 showed subtle
variations in Ln: Ti ratios± 1.5%, apparent as two distinct phases, the
XRD data showed the presence of hexagonal structure only. According
to XRD the remaining compounds Tb1.2Yb0.8TiO5, TbYbTiO5 and
Tb0.8Yb1.2TiO5, were found to have cubic pyrochlore-like structures,
while Tb0.4Yb1.6TiO5 and Yb2TiO5 had ﬂuorite-like structure. Like for
previous studies, these results show that the sintering temperatures and
Fig. 2. SEM backscattered image of the Tb2TiO5 design phase showing regions, lighter
contrast, indicative of the secondary phase with slightly greater Tb: Ti ratio as compared
with the matrix.
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cooling rate will aﬀect the growth and size of the nano-domains of
pyrochlore-like structure.
The Tb2TiO5 compound with orthorhombic structure is described in
detail elsewhere by the authors [59]. As this is the ﬁrst time an Ln2TiO5
compound with single lanthanide type has been fabricated as a bulk
single-phase material with only hexagonal symmetry, the detailed
crystal structure is given in Table 1.
3.3. Hexagonal
The overall hexagonal structure, with P63/mmc symmetry, is based
on the alternate stacking of A-site cation layer – B-site cation layer
along the c-axis giving a six-layer close packed arrangement. The A-site
cation, terbium, ﬁts within the third and sixth oxygen layers whilst the
mixed B-site, terbium and titanium, fall between the ﬁrst and second,
and the fourth and ﬁfth layers. The alternating layers consist of A-site
edge sharing octahedra and B-site basal corner sharing trigonal bi-
pyramids.
3.4. Cubic
The transition from a range of polymorphs to only the cubic phase
for mono-lanthanide Ln2TiO5 compounds occurs for lanthanide radii
(Ln3+ (VII)) of less than 0.98 Å, when fabricated at atmospheric pres-
sure using solid state synthesis. This includes terbium with radius
0.98 Å, although it requires sintering to a temperature close to melting
to achieve the cubic phase for Tb2TiO5 [34]. The inclusion of ytterbium
lowers the average lanthanide radius and in the case of Tb1.2Yb0.8TiO5
the average radius is 0.958 Å. This falls just on the edge of the hex-
agonal-cubic polymorph and purely cubic phase region for Ln2TiO5
compounds and upon sintering at 1600 °C results in the formation of a
single phase cubic pyrochlore-type structure.
The crystallographic details for the cubic, TbxYb2−xTiO5 (x = 2,
1.2, 1, 0.8, 0.4, and 0) series of compounds is shown in Table 2. The
general trend of sequential decrease in the a cell parameter with in-
creasing ytterbium content (Table 2) ﬁts with the corresponding
average lanthanide size decrease.
The TbxYb2−xTiO5 series of compounds covers the two major cubic
phases; pyrochlore-like and ﬂuorite-like, which have been identiﬁed in
previous studies of the Ln2TiO5 system. It has been previously shown
that the cubic Ln2TiO5 compounds actually consist of long-range
ﬂuorite and short-range pyrochlore structure with the size of pyro-
chlore nano-domains inﬂuencing the detection, or otherwise, of this
phase when using XRD [31,33,58]. Between the Tb0.8Yb1.2TiO5 and
Tb0.4Yb1.6TiO5 compounds reﬂections associated with the pyrochlore
structure could no longer be resolved in the XRD data. This is assumed
to be due to a reduction in pyrochlore-like nano-domain size for the
Tb0.4Yb1.6TiO5 sample below the coherence length of the x-rays used.
This assumption is based on a previous study by the authors showing
the analysis of Yb2TiO5 by synchrotron powder XRD data not detecting
pyrochlore structure, whilst electron diﬀraction does [31].
3.5. TbxYb2−xTiO5 ion-irradiation response
Whether the design phase is to be applied as part of a multi-phase
host matrix for high level nuclear waste or as part of the nuclear fuel
there is a requirement that it is not susceptible to structural degradation
when exposed to high energy particles. For ceramic based materials,
Fig. 3. The compound Yb2TiO5 fabricated via conventional solid state-route using two
diﬀerent sintering regimes produced two diﬀerent, but related, symmetries. Yb2TiO5
sintered at 1600 °C (top pattern) with the ﬂuorite structure, whilst Yb2TiO5 (lower pat-
tern) sintered to 1500 °C and slowly cooled (0.1 °C per min) with the pyrochlore-like
structure (pyrochlore reﬂections indexed).
Table 1
Crystallographic details for the Tb2TiO5 compound with hexagonal symmetry P63/mmc derived from Rietveld analysis of synchrotron powder XRD data.
Atom x y z Fractional occupancy Uiso U11 = U22 U33 U12
Tb3+ (1) 0 0 0 1 *0.0149 0.015 (2) 0.0157 (1) 0.024 (3)
Tb3+ (2) 1/3 2/3 0.25 0.2 0.0129 (4)
Ti4+ (2) 1/3 2/3 0.25 0.6 0.0129 (4)
O2- (1) 1/3 2/3 0.0980 (5) 1 0.051 (4)
O2- (2) 0 0 0.25 1 0.175 (6)
Hexagonal P63/mmc a = b = 3.65079 (1), c = 11.88573 (7) Å.
Rp = 4.38%, Rwp = 7.88%, x2 = 18.28.
* Tb3+(1) Uiso value is calculated from the anisotropic values and so is a Uequivalent value.
Table 2
The TbxYb2−xTiO5 series of compounds showing the reﬁned cell parameters, oxygen x
(48 f) position and statistics of ﬁt between experimental and calculated values.
Laboratory XRD data and structural models were reﬁned using Rietica.
Design phase a x position Rwp (%) Rp (%)
(Å) O(48f)
aTb2TiO5 (cubic pyrochlore) 10.4022 (8) 0.349 (2) 13.56
Tb1.2Yb0.8TiO5 (cubic
pyrochlore)
10.28478 (5) 0.348 (1) 3.80 2.70
TbYbTiO5 (cubic pyrochlore) 10.27180 (8) 0.333 (2) 6.12 5.27
Tb0.8Yb1.2TiO5 (cubic
pyrochlore)
10.25607 (7) 0.328 (1) 5.56 4.36
Tb0.4Yb1.6TiO5 (cubic ﬂuorite) 5.11136 (2) – 5.55 3.90
aYb2TiO5 (cubic ﬂuorite) 5.09418 (9) – 4.07
a Data from previously published work by Lau et al. (Tb2TiO5 [34]) and Aughterson
et al. (Yb2TiO5 [31]).
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maintaining the original crystalline structure throughout application is
a desirable property, which leads to maintaining structural integrity
and minimising volume expansion.
Of particular interest is the transition from a crystalline to amor-
phous phase upon exposure to high energy particles. In this section we
discuss the results for several compounds in the TbxYb2−xTiO5 series
that have been exposed to 1 MeV krypton ions to ﬂuence suﬃcient to
induce the crystalline to amorphous transition, denoted the critical dose
of amorphisation (Dc). We also report on the changes in Dc values when
the same compounds are held at a variety of temperatures during ion-
irradiation. In particular we discuss the critical temperature, Tc, above
which crystallinity is maintained regardless of the ﬁnal ﬂuence.
3.6. Structure, temperature and radiation response
By testing the ion-irradiation response of Tb2TiO5 with orthor-
hombic and hexagonal symmetry it is possible to assess the eﬀect
structure has on the crystalline to amorphous transition. The plot of Dc
versus temperature in Fig. 4 shows the distinctly diﬀerent responses
between these two structure types. Across all Dc measurements the
hexagonal structured compound has lower values and requires a much
higher temperature to maintain crystallinity when compared with the
orthorhombic structure (Table 3).
The diﬀerence in structure for the Tb2TiO5 compounds was
achieved via the use of diﬀerent sintering temperatures. The average
lanthanide size also inﬂuences the type of polymorph formed and so by
controlling the average lanthanide size using mixed ratios of terbium to
ytterbium, the proportion of short-range pyrochlore to long-range
ﬂuorite structure can be controlled. Both Fig. 4 and Table 3 show se-
quential improvement in radiation response, increasing Dc and de-
creasing Tc, with the increasing incorporation of ytterbium. This trend
coincides with the structural transition, according to XRD, from pyro-
chlore to ﬂuorite. An improvement in radiation response of the cubic
compounds relative to the orthorhombic and hexagonal ones is also
apparent. This same trend has previously been noted in the ion-irra-
diation response study of the SmxYb2−xTiO5 system [2].
The amorphous fraction is inﬂuenced by a number of parameters
including density, atomic packing fraction, grain orientation, grain
thickness of the TEM foil, structure, and topological freedom. It is also
inﬂuenced by the rate of dissipation of irradiating ion energy (inelastic
and elastic scattering). In our in-situ ion-irradiation experiment, we
have tried to minimise the eﬀects of grain orientation and grain
thickness by sampling ﬁve grains, randomly orientated, electron
transparent and suﬃciently clear of other grains, for each Dc determi-
nation. As previously discussed, the structure appears to strongly in-
ﬂuence the radiation response in the TbxYb2−xTiO5 system with im-
proved radiation tolerance from hexagonal to orthorhombic to cubic
(pyrochlore) to cubic (ﬂuorite). The target material density, and related
atomic packing fraction, aﬀect the ion-target material cross-section and
inﬂuence the dominant type of scattering with either electronic – in-
elastic or nuclear – elastic scattering occurring.
By decreasing the unit cell size and increasing the molar weight
with the increased proportion of ytterbium it would be expected that a
corresponding sequential increase of density would occur between
Tb2TiO5 to Yb2TiO5. The general trend of increasing density comes
from a combination of the introduction of the heavier element, ytter-
bium, and structural changes creating higher atomic packing fractions
per volume. The discrepancy in trend for the calculated density of
Yb2TiO5 (Table 3) comes from the assumption of exact oxidation states
of Ln3+, Ti4+ and O2- and the associated charge balance for the
Tb1.2Yb0.8TiO5 and Tb0.4Yb1.6TiO5 compounds, while the density for
Yb2TiO5 was calculated via Rietveld analysis of neutron diﬀraction data
and includes the calculated extra oxygen vacancies. If it is assumed that
no extra vacancies are present for the Yb2TiO5 compound relative to the
ideal cation and anion oxidation states, the calculated density is 7.94 g/
cm3.
Calculations of the electronic to nuclear stopping power ratios
(ENSP) were carried out using software Stopping Range of Ions in
Matter (SRIM) [60] and are displayed in Table 3. The nuclear, elastic
scattering was found to be the dominant source of energy dissipation
via scattering for all calculated values, with very little variation be-
tween compounds. With the considerable variation in Tc values dis-
played in Table 3, the lack of variation in ENSP values shows there to be
some other characteristic strongly inﬂuencing radiation response. It
should be noted that these calculations are very simplistic and do not
take into consideration the crystal structure of the tested materials.
While damage accumulation rates determine the critical dose of
amorphisation, by introducing energy into the system via heating, ir-
radiation induced defects may be suﬃciently mobilised to promote re-
crystallisation. When the rate of re-crystallisation is the same or greater
than that of ion-induced defect accumulation, then crystallinity will be
maintained regardless of the ﬂuence. This phenomenon can be clearly
seen in the plot of Dc versus temperature in Fig. 4 where each com-
pound reaches a temperature at which Dc values signiﬁcantly increase.
With the improving Tc values, there is also a decrease in activation
Fig. 4. The critical dose of amorphisation versus temperature of the TbxYb2−xTiO5 series
covering the four crystal structure types; orthorhombic Tb2TiO5, hexagonal Tb2TiO5,
cubic pyrochlore-like Tb1.2Yb0.8TiO5, and cubic ﬂuorite-like Tb0.4Yb1.6TiO5 and Yb2TiO5.
Table 3
Calculated density from Rietveld analysis. ENSP calculated using SRIM. Calculated results (errors in brackets) obtained from ﬁtting Dc versus temperature data using Eqs. (1) and (2)
outlined in Methods.
Design phase Ln3+ (VII) radius (Å) Density (g/cm3) ENSP Dc0 (x 1014) Tc (K) Ea2
aTb2TiO5 (orthorhombic) 0.98 6.75 0.68 2.6 (0.6) 889 (15) 2.8
Tb2TiO5 (hexagonal) 0.98 6.47 0.68 1.67 (0.02) 1041 (10) 3.2
Tb1.2Yb0.8TiO5 (cubic pyrochlore) 0.958 7.44 0.67 3.07 (0.08) 727 (2) 2.26
Tb0.4Yb1.6TiO5 (cubic ﬂuorite) 0.936 7.76 0.66 3.34 (0.98) 592 (21) 1.85
aYb2TiO5 (cubic ﬂuorite) 0.925 7.67 0.65 3.52 (0.59) 479 (44) 1.40
a Data from previous studies by authors (Tb2TiO5 [4]) and (Yb2TiO5 [2]).
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energy (Table 3), which is representative of a reduction in defect mo-
bility barrier. This makes sense; the materials with greater defect mo-
bility will have a greater probability of achieving re-crystallisation.
3.7. Radiation response; trends and material characteristics
The general trend of improved radiation tolerance, i.e. decreasing
Tc, with decreasing lanthanide radius has been noted in several pre-
vious systematic studies of the Ln2TiO5 compounds [2,4,5,7]. For the
orthorhombic systematic study, sequential lowering of Tc, was found for
compounds containing samarium to dysprosium and yttrium [4,5].
However a previous study of the SmxYb2−xTiO5 system found no im-
provement in Tc values between Sm2TiO5 (orthorhombic symmetry)
and Sm1.4Yb0.6TiO5 (hexagonal symmetry) indicating that the lantha-
nide radius size alone cannot predict radiation response, and that dif-
ferent starting structures also have an inﬂuence.
This is the ﬁrst study where the ion-irradiation response for two
polymorphs of Ln2TiO5 stoichiometry, have been compared. It is in-
teresting to note that the hexagonal phase had lower Dc and higher Tc
values (poorer radiation response) when compared with the orthor-
hombic symmetry. Transitions to a ﬂuorite phase facilitated via ion-
irradiation have previously been proposed as a mechanism for im-
proved radiation tolerance in some Ln2TiO5 compounds [5]. With the
hexagonal phase for Tb2TiO5 being the phase between orthorhombic
and cubic phases (Fig. 1), it would seem more likely that ion-irradiation
may facilitate the transition to the ﬂuorite phase for the compound with
hexagonal symmetry when compared with orthorhombic. A previous
swift heavy ion irradiation study by Zhang et al. [53] showed an irra-
diation induced phase transition from orthorhombic to hexagonal for
Gd2TiO5. In our study, the orthorhombic Tb2TiO5 has displayed a better
radiation response than its hexagonal polymorph. This makes it seem
less likely the orthorhombic sample has undergone a phase transition to
the ﬂuorite phase. Previously no evidence of irradiation-induced phase
transitions in the orthorhombic Dy2TiO5 were found, with only the
crystalline to amorphous transition, when exposed to 12 MeV Au+ ions
[4].
The ion-irradiation response of the cubic Ln2TiO5 compounds was
found to be signiﬁcantly improved when compared with the orthor-
hombic and hexagonal compounds in previous work [2]. For the cubic
compounds there appears to be a general trend of improved radiation
response with decreasing lanthanide radius size [7]. This same trend is
noted for the TbxYb2−xTiO5 series studied here. For other related cubic
symmetry systems the improvement in ion-irradiation response with
decreasing lanthanide size has been noted previously in many studies
based on pyrochlore and ﬂuorite structured materials of the general
stoichiometry Ln2M2O7 [17,21,61–63]. This same general trend ap-
pears to exist in the Ln2TiO5 system. The trend of improving radiation
response with decreasing lanthanide radius has also been inversely
linked with melting temperature trends [7]. This same trend would ﬁt
with the cubic symmetry compounds in this study but does not ﬁt with
the varied Tc values found for the orthorhombic and hexagonal sym-
metries for the Tb2TiO5 compound.
4. Conclusions
The range of poly-typism within the Ln2TiO5 series of compounds is
heavily inﬂuenced by the lanthanide size, but is also inﬂuenced by the
fabrication regime used. The temperature, heating and cooling rate,
pressure, mixed lanthanides, and doping can all be used to alter the
symmetry for these compounds.
By using the ﬂoating zone furnace a single phase sample of Tb2TiO5
could be fabricated with hexagonal P63/mmc symmetry. This is the ﬁrst
mono-lanthanide to be fabricated in this form as a single phase mate-
rial.
Using 1 MeV krypton ions, the crystalline to amorphous transition
was observed in-situ via TEM in a range of compounds in the
TbxYb2−xTiO5 series. The symmetry type within this series was shown
to inﬂuence the radiation response with improvement in ion-irradiation
tolerance from hexagonal to orthorhombic to cubic (pyrochlore sym-
metry) to cubic (ﬂuorite symmetry). This study showed that, whilst the
average lanthanide size inﬂuenced the structure and hence the radia-
tion response, it was also possible to change the ion-irradiation toler-
ance by altering the structure type in the Tb2TiO5 orthorhombic and
hexagonal polymorphs.
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7.4. The ion-irradiation tolerance of the pyrochlore to fluorite HoxYb2-
xTiO5 and Er2TiO5 compounds; a TEM comparative study using 
both in-situ and bulk ex-situ irradiation approaches. 
 
Previous chapters consistently showed an improvement in ion-irradiation response for 
Ln2TiO5 compounds with cubic symmetry relative to compounds with either orthorhombic 
or hexagonal symmetry. In particular, there appeared to be a trend of improved ion-
irradiation response for those materials with cubic symmetry dominated with long-range 
fluorite and minimal pyrochlore structure present. 
 
In this final study, varied ratios of holmium and ytterbium were used to fabricate a 
systematic series of lanthanide titanates with cubic symmetry, consisting of long-range 
defect fluorite and varied amounts of short-range defect pyrochlore structure. Er2TiO5 was 
also included in this study, as its ionic radius matched well with that of HoYbTiO5, 
allowing both crystal structures and ion-irradiation response to be compared. 
 
The crystal structures of this series of compounds were tested using neutron powder 
diffraction, X-ray diffraction, and electron diffraction. The combination of characterisation 
techniques allowed more detailed crystal structure data to be obtained. All of the series 
showed long-range defect fluorite structure with short-range pyrochlore structure present as 
nano-domains. 
 
In this study, there were two approaches used to characterise ion-irradiation response, in-
situ 1 MeV krypton irradiation within a TEM, and ex-situ bulk sample irradiation using 1 
MeV selenium ions followed by cross-sectional TEM analysis. These different approaches 
showed the same trend of improved radiation response, increasing of ion dose required for 
amorphisation and decreasing of temperature required to maintain crystallinity, with 
decreasing lanthanide radius size. The cross-sectional TEM characterisation approach gave 
further detail in showing epitaxial recrystallisation and an ion-irradiation induced phase 
transition from long-range defect fluorite, short-range defect pyrochlore to just long-range 
defect fluorite in the Yb2TiO5 sample. These findings further supported the hypothesis that 
those compounds in which the fluorite structure or irradiation-induced transition to the 
fluorite structure are energetically favourable will tend to have good ion-irradiation 
tolerance.
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We reﬁne the crystal structures of a systematic series of compounds with the general composition
Ho(x)Yb(2-x)TiO5 (x¼ 2, 1.6, 1.2, 1, 0.8, 0.4, 0) and Er2TiO5 and ﬁnd a transition from defect-pyrochlore to
defect-ﬂuorite structure with increasing ytterbium content, decreasing lanthanide radius. Short-range
structure modulations consisting of pyrochlore-like nano-domains are systematically characterised us-
ing transmission electron microscopy. We test the Kr2þ 1MeV ion-irradiation response of Ho2TiO5,
HoYbTiO5, Yb2TiO5, and Er2TiO5, via the crystalline to amorphous transition observed by using the in-situ
TEM approach. The critical dose of amorphisation, Dc, was measured at various temperatures and used to
calculate the critical temperature for maintaining crystallinity, Tc. A trend of lower Tc values with
decreasing lanthanide radius is found. We describe a new approach for determining Tc values using cross-
sectional TEM analysis of ex-situ bulk irradiated, 1MeV Seþ, samples; Ho2TiO5, HoYbTiO5 and Yb2TiO5.
The results of Dc and Tc values using the two approaches vary; however the trends across the sample
system remain the same.
Crown Copyright © 2018 Published by Elsevier B.V. All rights reserved.1. Introduction
For designer ceramic materials the inherent property of resis-
tance to amorphisation upon exposure to high energy particles is
desirable in materials used within nuclear applications. These ap-
plications include damage resistant cladding and coatings, inertand Technology Organisation,
on), gregory.lumpkin@ansto.
mith), massey.delosreyes@sa.
maxim.avdeev@ansto.gov.au
y).
evier B.V. All rights reserved.matrix fuels, waste-forms or structural materials. The Ln2TiO5
(Ln¼ lanthanides and yttrium) compounds are technologically
interesting because they are found as burnable poisons within
some nuclear fuels [1,2], and occur in prototype nuclear waste
forms [3e7].
For candidate nuclear waste-form materials to be successful
they should be capable of incorporating a large range of radio-
isotopes, chemically durable, and radiation tolerant. In this study
we focus on the ion-irradiation response of a system of ceramic
oxides with the Ln2TiO5 stoichiometry. Previously, fundamental
ion-irradiation studies, using in-situ ion-irradiation with TEM
characterisation, have looked at the radiation response of several
compounds within the Ln2TiO5 series [5e8]. These studies showed
R.D. Aughterson et al. / Journal of Nuclear Materials 507 (2018) 316e326 317a trend toward improved radiation response, i.e. a lowering of the
critical temperature above which the specimen remains crystalline,
for those lanthanide titanates that had either cubic symmetry or
were more energetically likely to transition to cubic symmetry.
Some isotopes of dysprosium and gadolinium have relatively
large thermal neutron cross-sections and so have been considered
for use as burnable poisons. Gd2TiO5 has been studied as a potential
phase within the nuclear fuel matrix [2]. The thermo-physical
properties of both Gd2TiO5 and Dy2TiO5 have been studied to test
their suitability for use as burnable poisons within the nuclear
reactor environment [9]. The compound Dy2TiO5 has been used as
part of the control rod material within Russian Water-Water Ener-
getic Reactor (WWER) type reactors [10]. Of the three polymorphs of
Dy2TiO5 discussed the defect-ﬂuorite structure was found to have
the least amount of swelling upon exposure to irradiation.
According to the temperature stability diagram proposed by
Shepelev and Petrova [11], lanthanide titanates of nominal stoichi-
ometry Ln2TiO5 can take on cubic symmetry, if heated to high
enough sintering temperature, when the lanthanide is of terbium
ionic radius size or smaller (i.e. Ln¼ Tb, Dy, Ho, Er, Tm, Yb and Lu).
The cubic series of Ln2TiO5 compounds have also been studied as
part of a broader study of the Ln2(Ti2-xLnx)O7-x/2 solid solutions [12].
These solid solutions spanned between end members Ln2Ti2O7, an
ideal pyrochlore, to Ln2TiO5, characterised as a defect-pyrochlore.
The solid solution study showed compounds with Ln2TiO5 stoichi-
ometry and defect-pyrochlore structure had a sequentially-
decreasing cell length for compounds from Tb2TiO5 to Lu2TiO5.
In a neutron diffraction study by Lau et al. Ho2TiO5 and Yb2TiO5
compounds were investigated [13]. The structures were reﬁned
using the pyrochlore symmetry, Fd3m, which gave cell parameters
of 10.3027 (2) and 10.1857 (1) Å for Ho2TiO5 and Yb2TiO5 respec-
tively. The pyrochlore structure can be considered a 2 2 x 2 super-
cell of the ﬂuorite structurewith ordering of the A and B cation sites
in pyrochlore whilst the cation site occupancies are randomised in
ﬂuorite. Whilst the structures were reﬁned using the pyrochlore
symmetry it was noted that these materials actually consisted of
long-range defect-ﬂuorite and short-range defect-pyrochlore
structures. It has also been shown that Ho2TiO5 will form different
sized domains of pyrochlore symmetry depending on the heating
and cooling regime used during sintering [14]. This same effect,
using either rapid or slow cooling, has been observed for the
Yb2TiO5, Tm2TiO5 and Er2TiO5 compounds [15].
Aughterson and co-workers have previously published crystal
structure data for the Yb2TiO5 compound with the symmetry being
described as long range defect-ﬂuorite (Fm3m) a¼ 5.09418 (9) Å,
with short range, nano-domain, defect-pyrochlore (Fd3m) sym-
metry. This was based on neutron diffraction data and transmission
electron microscope (TEM) selected area diffraction patterns and
bright ﬁeld images [16]. This is in agreement with the ﬁndings by
Lau et al. for the Yb2TiO5 compound [13]. The reﬁned cell param-
eters for Yb2TiO5 from the two studies match well, allowing for the
difference in space group used in the reﬁnements.
In a separate study itwas also shown that by using different ratios
of lanthanides samarium and ytterbium (Sm(x)Yb(2-x)TiO5, where
x¼ 2,1.4,1, 0.6 and 0) it is possible to fabricate samples with the four
main crystal structures of the Ln2TiO5 series. Both Sm0.6Yb1.4TiO5 and
Yb2TiO5 were found to have long range defect-ﬂuorite and short
range defect-pyrochlore structures but the former compound had
the larger pyrochlore domains of these two [16].
There has been considerable work, both experimental and
modelling, on the radiation response of the Ln2Ti2O7 pyrochlore
series [17e19]. The observed trend of improvement in radiation
tolerance with decreasing lanthanide size, from gadolinium to
lutetium, is attributed to the more energetically favourable transi-
tion to defect-ﬂuorite structure upon exposure to ion-irradiationfor the smaller lanthanide compounds [17]. The smaller lantha-
nides, due to their size tending toward that of titanium will have
greater thermodynamic stability toward Ln-Ti anti-site disordering,
leading to formation of the defect-ﬂuorite structure.
In a study by Whittle et al., x-ray diffraction data revealed that
the structure of the Y2TiO5, YYbTiO5 and Yb2TiO5 series tended
from defect-pyrochlore to defect-ﬂuorite with the introduction of
ytterbium [7]. There was a corresponding improvement in radia-
tion response, i.e. a lowering of critical temperature of crystallinity
(Tc), with increasing ytterbium content, which was related to the
greater disordering associated with the increasing presence of
defect-ﬂuorite structure. This correlation between defect-ﬂuorite
and improved radiation response was further conﬁrmed by
comparing irradiation results with the pyrochlores Y2Ti2O7 and
Yb2Ti2O7, which showed that the Y2TiO5 and Yb2TiO5 compounds
perform better.
A previous, broader study looked at the four major Ln2TiO5
crystal structures and their radiation response [8]. The Sm2TiO5
(orthorhombic symmetry) and SmYbTiO5 (hexagonal symmetry)
compounds had relatively poor radiation tolerance, low critical
dose of amorphisation and high critical temperature to maintain
crystallinity. However, the Sm0.6Yb1.4TiO5 and Yb2TiO5, both with
cubic symmetry, showed a remarkable improvement in radiation
tolerance.
All of the radiation response studies discussed here have utilised
the TEM coupled with in-situ ion-irradiation approach. A review of
this experimental approach and the facilities that support it is given
by Hinks [20]. With TEM characterisation, there is a requirement
that the specimen fragments used for analysis are thin enough to be
electron transparent (~200 nm or less). This requirement has an
effect of inﬂuencing radiation damage of the sample due to the
large surface area to volume ratio resulting in defects rapidly
migrating to the surface [21]. If the critical dose of amorphisation is
inﬂuenced by the thickness of the specimen the question then
arises: do the in-situ experimentally determined critical tempera-
ture of crystallinity trends match those found for the bulk sample?
There have been some studies comparing the TEM based in-situ
results with bulk irradiation but none to date on the critical tem-
perature trends [19,22,23]. Studies on bulk materials and their ra-
diation response, relative to the thin wafers, will be more
representative of the materials used for nuclear applications.
In this study we look at the in-situ ion-irradiation results of
previously untested compounds Ho2TiO5, HoYbTiO5, Er2TiO5, and
previously tested Yb2TiO5, and compare these with other Ln2TiO5
systems of compounds and the related pyrochlore A2B2O7 families
of compounds. Previous studies have indicated a trend of sequen-
tial improvement in radiation response of cubic Ln2TiO5 com-
pounds containing sequentially smaller lanthanides. This trend is
tested in this study using both the systematic Ho(x)Yb(2-x)TiO5 se-
ries and Er2TiO5, with the Er radius being close to that of the HoYb
mixed lanthanide size. After establishing trends in radiation
response, critical temperature of crystallinity, we seek to compare
the results of our in-situ irradiation experiments with those found
with ex-situ irradiated bulk samples characterised by using cross-
sectional TEM. This is the ﬁrst time in-situ and ex-situ TEM tech-
niques for establishing the critical temperature of crystallinity have
been directly compared.
2. Methods
2.1. Sample preparation
Bulk, polycrystalline single phase materials were prepared by
ball-milling stoichiometric amounts of Ho2O3, Yb2O3 and TiO2 or
Er2O3 (Ln2O3 sourced from Sky Spring Nanomaterials Inc., 99.9%
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were consolidated using a cold isostatic press operated at 400MPa.
The consolidated pellets were sintered to 1600 C for 24 h in air
with a heating and cooling rate of 5 C per minute.
2.2. SEM (EDX)
Scanning electron microscopy (SEM) was performed on a Zeiss
Ultra Plus Gemini operated at 15 kV, which was equipped with an
Oxford X-Max Silicon Drift Detector for energy dispersive x-ray
analysis (EDX). The EDX data were collected and analysed using the
Oxford INCA microanalysis software system.
2.3. Laboratory XRD
Powdered samples were analysed using x-ray diffraction carried
out on a Panalytical X'pert Pro laboratory x-ray diffractometer with
a weighted Cu Ka source, Ka1 l¼ 1.5405980Å and Ka2
l¼ 1.5444260Å. The diffractometer was operated in the Bragg
reﬂection geometry with sample spinner on and diffraction data
collected between 5 and 90 2q with a step size of 0.03. Rietveld
structure analysis was carried out using the software Rietica [24].
2.4. Neutron powder diffraction
A powdered Ho2TiO5 sample loaded into a cylindrical vanadium
container was analysed using neutron powder diffraction carried
out on the Echidna powder diffraction beamline, Australian Nuclear
Science and Technology Organisation (ANSTO). Data was collected
at ambient temperature using neutrons of wavelength 1.6215Å.
2.5. Transmission electron microscopy (TEM)
TEM specimens for in-situ ion-irradiation were prepared by
mortar and pestle of bulk samples into ﬁne fragments (powder)
and dispersed in ethanol. The ethanol powder mix was dispensed
onto holey carbon ﬁlm, supported by a copper grid, via pipette.
TEM specimen preparation of bulk irradiated samples was per-
formed by ﬁrst coating the sample surface with 3 nm of platinum in
a Microvac MH7 Duo ion sputter coater. The TEM specimen prep-
aration was carried out using a Zeiss Auriga 60 focused ion beam
system using Kleindiek micromanipulator via a standard lift-out
approach, with ﬁnal milling conducted at progressively lower
voltages (30, 15, 5 and 2 kV) to minimise Ga damage.
TEM was carried out using a JEOL 2200FS operated at 200 kV
and ﬁtted with an Oxford X-Max 80mm [2] energy dispersive x-ray
spectroscopy (EDX) system. The EDX data was analysed using Ox-
ford INCA, version 4.15, microanalysis software. Bright ﬁeld images,
selected area electron diffraction (SAED) and nano-beam electron
diffraction (NBED) patterns were collected by using Gatan Orius
and Ultrascan cameras.
2.6. In-situ ion-irradiation with TEM characterisation
TEM specimens, which took the form of ﬁnely ground crystal
fragments on holey carbon ﬁlm, were prepared as described in
methods section 2.5.
The in-situ ion-irradiation coupled with TEM characterisation
was carried out at the Argonne National Laboratory on a Hitachi H-
9000-NAR TEM operated at 300 kV, interfaced with an NEC ion
accelerator. For amore detailed description of the facility the reader
is referred to Kirk et al. [25].
Specimens were exposed to accelerated, 1MeV Kr2þ ions, and
monitored, in-situ using the TEM, for damage accumulation via
collection of selected area diffraction patterns (SAED). Ion-irradiation and observation of the grains via the electron beam
were carried out separately to prevent the dual beam synergistic
effects on defect mobility. All specimens were subjected to a suf-
ﬁcient ﬂuence to facilitate a crystalline to amorphous transition,
with the ﬁnal ﬂuence termed critical dose of amorphisation and
denoted Dc. The complete amorphisation was determined to be the
point where no more crystalline reﬂections were observable within
the SAED. Multiple measurements of Dc were carried out at tem-
peratures between 50 and 700 K. The Dc versus temperature data
was ﬁt to the equation;
Dc ¼ D0

1 exp

Ea
kB

1
Tc
 1
T

(1)
D0 is the critical dose of amorphisation at 0 K, kB is the Boltz-
mann constant and Ea is the activation energy for mobilisation of
defects (equation taken fromWeber [26]). The asymptote of this ﬁt
was used to calculate the critical temperature of crystallinity, Tc, the
temperature above which the material maintains crystallinity
regardless of the ﬁnal ﬂuence.
2.7. Heavy ion implantation
Previous to bulk sample ion-irradiation, samples of Ho2TiO5,
HoYbTiO5 and Yb2TiO5 had a surface polish to a 1 mm diamond
suspension ﬁnish. Ion-irradiationwas carried out using the tandem
accelerator from the Department of Electronic Materials Engi-
neering, Australian National University. The specimens were
exposed to 1MeV Seþ ions at a ﬂux of 1.32 1012 ions/cm2/second
to a ﬂuence of 1.5 1015 ions/cm2. During exposure to ion-
irradiation the specimens were held at a range of temperatures
between 300 and 600 K.
2.8. Stopping and range of ions in matter (SRIM)
For the calculation of ion-irradiation-induced damage depth
proﬁles and to convert critical dose of amorphisation results from
ions/cm2 to displacements per atom (dpa) the simulation software
package SRIM (Stopping and Range of Ions in Matter) was utilised
[27]. The SRIM simulations were carried out using the “Ion distri-
bution and quick calculation of damage” mode (based on Kinchin
Pease model [28]) with the ion and energy set to Kr or Se 1MeV for
in-situ and ex-situ calculations respectively. The density input was
based on calculations from structural reﬁnements, displacement
threshold energies set to 50 eV [29], and lattice binding energy to
0 eV [30].
The Norgett, Robinson and Torrens model (NRT) is broadly
accepted as the international standard for calculating dpa [31] and
is used for damage-vacancy calculations in this study. The NRT
model calculation of stable Frenkel pairs produced by primary
knock on atoms is given by the formula:
nðNRTÞ ¼ 0:8 Tdam=2Ed (2)
Tdam is the damage energy produced from primary knock on atoms
(PKA) with kinetic energy EPKA, and Ed is the displacement
threshold energy (the minimum energy required in a collision to
displace an atom and create a stable Frenkel pair). The damage
energy can be calculated from SRIM outputs whilst displacement
threshold energy was estimated from published data.
Issues have been identiﬁed with overestimating damage by
using the NRT model with the SRIM approach and this is thor-
oughly covered in a previous study by Stoller et al. [30]. However,
provided the approach for calculating dpa is kept consistent, it will
be sufﬁcient for the purpose of comparing Dc values between the
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different ions used. Once the vacancies have been calculated from
the SRIM output using the NRT model, the dpa can be calculated
based on the number density of the target material.Fig. 2. The observed, calculated (Rietica) and residual plot for the Ho2TiO5 neutron
powder diffraction data. The powder diffraction data is shown as black crosses, reﬁned
calculated ﬁt as the red trace, the difference between observed and calculated (residual
plot) shown as the green trace and the reﬂection markers as blue vertical lines. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to
the Web version of this article.)3. Results
3.1. Crystallography
The single phase nature for the series of materials studied was
initially conﬁrmed using backscattered images collected via SEM,
which showed no variations in grey-scale except where pores were
present. The material homogeneity was further conﬁrmed within
the SEM via energy dispersive x-ray (EDX) spot analysis. The
elemental stoichiometry of lanthanides to titanium was measured
and its consistency tested by multiple measurements from various
grains. In all cases, the matrix phase was found to be homogeneous
and to consist of the desired stoichiometry. The cation ratios were
calculated in Inca using the Cliff-Lorimer method. The elemental
stoichiometry was calculated again using the same approach
within the TEM with results attained via the SEM and TEM being
comparable.
An example of one of the backscattered electron images for the
Ho2TiO5 specimen is shown in Fig. 1 to highlight the homogeneity,
evident as a constant grey level across the observed area. Any
darker areas in this image are pores, where this was conﬁrmed via
collection of secondary electron images showing topography.
The powder neutron diffraction data of Ho2TiO5 was reﬁned
using the pyrochlore structure, space group Fd3m. For laboratory
based powder-XRD of the Ho(x)Yb(2-x)TiO5 (x¼ 1.6, 1.2, 1, 0.8.0.4, 0)
series and Er2TiO5, structural reﬁnement was carried out using the
ﬂuorite structure, space group Fm3m. The neutron diffraction data
are overlaid with the reﬁned calculated ﬁt (Fig. 2) with the good-
ness of ﬁt displayed below the diffraction pattern as the residual
plot (the difference between observed and calculated values).
The neutron powder diffraction data (Fig. 2) shows broad peaksFig. 1. SEM back-scattered image of the Ho2TiO5 design phase. Dark spots indicate the loc
elements.and some broad humps in the background signal. Whilst Ho2TiO5
has been reﬁned using the pyrochlore structure in this study the
structure of this compound has in-fact been shown to consist of
long-range defect-ﬂuorite and short-range defect-pyrochlore in
previous studies [13,14]. It is the size of these pyrochlore-like do-
mains, of the order of nanometres, that gives rise to the broad peaks
and background observed here.
The reﬁned atomic co-ordinates, isotropic thermal parameters,
and lattice parameter for the Ho2TiO5 specimen are shown in
Table 1. The details of the structural reﬁnement in this study is in
agreement with that found by Lau et al. where Ho2TiO5 was
fabricated in two ways; via the ﬂoating zone furnace approach and
by heating to 1700 C followed by rapid quenching [14]. Bothations of pores, whilst the constant grey-scale indicates homogeneous distribution of
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pyrochlore structure, however there was variation in the cell
parameter and oxygen x(48f) position. Some of this variation can be
attributed to the pyrochlore-like domain size, which is dependent
on the sintering conditions applied.
The unit cell parameters for each of the compounds were ana-
lysed via Rietveld reﬁnement (see Table 2). A linear ﬁt to the reﬁned
unit cell parameters versus the average lanthanide radius showed a
general linear trend. To include the cell parameter of Ho2TiO5 in this
ﬁt, the cell parameter value was halved. This is based on the
pyrochlore structure being a 2 2 x 2 superstructure of ﬂuorite.
Based on this ﬁt, the unit cell parameter may be estimated via the
following formula:
a ¼ 1:80318  ðrLnÞ þ 3:31784
where rLn is the average lanthanide radius (ionic radii sizes were
based on lanthanide being in a 3 þ oxidation state and eight co-
ordinated with values taken from Shannon's table of ionic radii
32). The goodness of linear ﬁt gave a Pearson's r value of 0.9899
indicating a good general linear trend.
Plots of the XRD data (as shown in Fig. 3) show the presence of
reﬂections related to the pyrochlore structure only for the Ho2TiO5
specimen. This is highlighted within Fig. 3 inset where the pyro-
chlore (1 1 1) reﬂection only appears in the lowest diffraction
pattern (diffraction data for the Ho2TiO5 specimen).
The general trend of decreasing cell parameter value with
decreasing lanthanide radius size is shown via the trend of shifting
reﬂections to higher angles with greater ytterbium content (the
ytterbium ionic radius is smaller when compared with holmium).
The Er2TiO5 powder diffraction pattern has reﬂections that align
well with those of Ho1.2Yb0.8TiO5. The averaged lanthanide radius
for the Ho1.2Yb0.8TiO5, rLn¼ 1.003, matches well with that of
Er2TiO5, rLn¼ 1.004.
Whilst the x-ray diffraction patterns indicate ﬂuorite-type
symmetry for all compounds studied except Ho2TiO5, further
investigation via TEM selected area electron diffraction reveals re-
ﬂections related to pyrochlore for the entire series (Fig. 4). All the
patterns contain the long-range ﬂuorite structure indicated by the
brightest reﬂections, however less intense additional reﬂections
indicate the presence of a slightly modulated short-range pyro-
chlore structure.
Fig. 4 (i) is a simulated diffraction pattern for a pyrochlore-
structured crystal, space group Fd3m, viewed down zone axis [1 1
0]. The SAEDs for the Ho(x)Yb(2-x)TiO5 series and Er2TiO5 (Fig. 4 (a to
h)) all show the characteristic pyrochlore (1 1 1) reﬂection as
viewed down zone axis [1 1 0]. The (1 1 1) reﬂection for this series
becomes more diffuse and elongated with greater ytterbium con-
centration. This change in the reﬂections' intensity distribution
may be attributed to a decreasing pyrochlore domain size from
Ho2TiO5 to Yb2TiO5. This domain size difference has been notedTable 1
The Rietveld reﬁned cell parameter, atomic positions, isothermal temperature fac-
tors (Uiso), and the statistics for goodness of ﬁt between neutron powder diffraction
data and calculated values. Ho2TiO5, space group Fd3m, a¼ 10.303(2) Rp¼ 2.92%,
Rwp¼ 3.19%, X2¼ 5.98.
Element x y z Uiso*100 Occupancy
Ho (1) 0.5 0.5 0.5 2.1 (4) 0.813
Ti (1) 0.5 0.5 0.5 2.1 (4) 0.187
Ho (2) 0 0 0 10 (1) 0.524
Ti (2) 0 0 0 10 (1) 0.476
O (1) 0.375 0.375 0.375 2.8 (8) 1.00
O (2) 0.125 0.125 0.125 0
O (3) 0.3534(6) 0.125 0.125 10.5 (4) 0.946before in a neutron diffraction study by Lau et al. [13] where larger
ordered pyrochlore domains were determined for Ho2TiO5 (3 nm)
when compared with Yb2TiO5 (2 nm).
In a previous study, nano-domains of pyrochlore structure in
long-range ﬂuorite structure for Yb2TiO5 were found using high
resolution electron microscopy images combined with inverse fast
Fourier transforms [16].
There is also a higher level of structural complexity evident in
the SAED's in Fig. 4 (a) and (b) for the Ho2TiO5 and Ho1.6Yb0.4TiO5
compounds respectively. There appears to be structural modulation
from the ideal pyrochlore structure, evident by the presence of 2
extra reﬂections in the (1 1 1) directions, and 6 extra reﬂections in
the (6 6 2) directions, indicating 3-fold and 7-fold increases in the
unit cell in the (1 1 1) and (6 6 2) directions respectively.
The combined x-ray diffraction and TEM results show the
presence of long-range ﬂuorite structure combined with short-
range pyrochlore domains in all of the phases tested. There ap-
pears to be a trend of decreasing pyrochlore ordering with
increasing ytterbium concentration and decreasing lanthanide
radius, as evidenced with the Er2TiO5 compound. Greater dis-
ordering of the pyrochlore towards the ﬂuorite structure has pre-
viously been associated with greater resistance to ion-irradiation
induced amorphisation. The ion-irradiation response is analysed in
the following section.
3.2. Critical temperature of crystallinity, Tc, based on the in-situ
TEM approach
For this study Ho2TiO5, HoYbTiO5, Yb2TiO5 and Er2TiO5 speci-
mens were irradiated in-situwithin the TEM using 1MeV Kr2þ ions
to a ﬂuence sufﬁcient to facilitate the phase transition from crys-
talline to amorphous. The evolution of ion-induced damage was
monitored, using the TEM, via collection of SAEDs. The loss of Bragg
diffraction maxima within the SAEDs and subsequent replacement
with diffuse rings was indicative of the crystalline to amorphous
transition. Ion-irradiation was repeated at various temperatures
ranging from 50 to 700 K. The plot of the measured critical dose of
amorphisation, Dc, versus temperature is displayed in Fig. 5. For
each of the four compounds tested there is a critical temperature
above which the Dc signiﬁcantly increases, i.e., the ion-irradiation-
induced damage is annealed at a sufﬁcient rate to maintain at least
some crystallinity within the tested grains. This critical tempera-
ture, Tc, represents a point where the desired crystal structure and
its associated properties can be maintained regardless of the irra-
diating ion ﬂuence. A lower Tc is therefore a desirable characteristic
for ceramics in nuclear applications.
The calculated values Dc0, critical dose of amorphisation at 0 K,
and Tc from the data plotted in Fig. 5 are displayed in Table 3. There
is an improvement in radiation response, Tc, across the Ho2TiO5,
HoYbTiO5 and Yb2TiO5 series. This trend of decreasing Tc is corre-
lated with a decrease in average lanthanide radius.
The Tc values decrease from Ho2TiO5 to Er2TiO5 to HoYbTiO5 to
Yb2TiO5. Er has a very similar cation ionic radius to HoYb in the
Ln2TiO5 compounds (radius of Er3þ(VIII)¼ 1.004Å, (HoYb)3þ
(VIII)¼ 1.00Å) based on ionic radii table values from Shannon [32].
According to the values shown in Table 3, Er has a slightly greater
ionic radius than the average radius of HoYb and Er also has a
greater Tc value. This supports the general trend of decreasing Tc
with decreasing lanthanide ionic radii size. This matches the radi-
ation tolerance trend previously found for Y2TiO5, YYbTiO5 and
Yb2TiO5 where it was also shown that the Ln2TiO5 compounds had
greater Dc and lower Tc values relative to their corresponding
Ln2Ti2O7 pyrochlores [7].
However, the general trend of decreasing Tc with decreasing
lanthanide radius is not fully consistent across the entire series of
Table 2
The cell parameters and statistics for goodness of ﬁt for the Ho(x)Yb(2-x)TiO5 series and Er2TiO5 compounds. *Yb2TiO5 data is fromRef. [16]. Ho2TiO5 and Yb2TiO5 are reﬁnements
from neutron powder diffraction data. All other data is from powder laboratory XRD (weighted Cu K-alpha).
Ho2TiO5 Ho1.6Yb0.4TiO5 Ho1.2Yb0.8TiO5 HoYbTiO5 Ho0.8Yb1.2TiO5 Ho0.4Yb1.6TiO5 *Yb2TiO5 [16] Er2TiO5
a 10.303(2) 5.13818(5) 5.12729(5) 5.12155(5) 5.11617(5) 5.10476(5) 5.09418(9) 5.1281(1)
Rwp 3.20% 5.48% 5.86% 4.71% 5.77% 5.81% 4.07% 6.66%,
X2 6.03 4.69 5.13 3.21 5.01 5.61 2.21 5.18
Fig. 3. Laboratory powder x-ray diffraction patterns of the Ho(x)Yb(2-x)TiO5 series and
Er2TiO5 with Fm3m symmetry. The inset highlights the (1 1 1) pyrochlore reﬂection,
which is only visible for the Ho2TiO5 sample.
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from various studies, including exclusively Ln2TiO5 compounds
with orthorhombic symmetry [5]. When a material is exposed to
high energy particles the particle - lattice atom interactions can
lead to phase transitions, including amorphisation. Liu et al. [33]
used density functional theory ﬁrst principles calculations to
determine the point defect formation energies for a series of
Ln2TiO5 compounds with orthorhombic symmetry. They found that
the Ln2-Ti anti-site, followed by the Ln1-Ti anti-site defects, were
the most energetically favourable defect types formed. The for-
mation energies for the Ln2-Ti anti-site defects decreased with
increasing lanthanide cation radius from yttrium and holmium to
neodymium, and then increased from neodymium to lanthanum.
This defect formation energy trend matched the experimentally-
determined ion-irradiation tolerance trend, as deﬁned by Tc,
found by Aughterson et al. [5], where Tc increased from dysprosium
to neodymium and fell slightly from neodymium to lanthanum (as
shown in Fig. 6).
Tracy et al. [4] showed that a decrease in the lanthanide radius
size occupying the Ln2TiO5 orthorhombic symmetry A-site resulted
in decreasing damage track widths when exposed to 1.47 GeV Xe
ions. In this series, Ln2TiO5 (Ln¼ La, Nd, Sm, Gd), the decrease in
damage areawith smaller lanthanides was attributed to an increase
in epitaxial recrystallisation from the outer edges of the damage
zone toward the amorphous centre. High resolution TEM showed
the presence of defect-ﬂuorite structure in the outer recrystallisa-
tion zone of Sm2TiO5, whilst La2TiO5 was found to be completely
amorphous across its damage zone. A similar study by Zhang et al.
[34] where swift heavy ions, 2.2 GeV Au ions, were used to irradiate
a specimen of Gd2TiO5 showed the same epitaxial recrystallisation
from the outer edge of the damage zone, however in this case a
transition from the orthorhombic to hexagonal symmetry was
observed in the recrystallisation zone.
The experimental observation that Ln2TiO5 compounds withorthorhombic symmetry are capable of transitioning to other
symmetries shows that the defect formation energies and subse-
quent defect accumulation are not the only things that need to be
considered. When analysing ion-irradiation response, it is also
necessary to consider the ability to form other structure types. The
temperature stability diagram proposed by Shepelev and Petrova
[11] may give some indication of potential phase transitions avail-
able to Ln2TiO5 compounds exposed to ion-irradiation. In the case
of Gd2TiO5 there is a low temperature orthorhombic and higher
temperature hexagonal phase and this ﬁts well with the ion-
irradiation induced phase transition observed by Zhang et al.
[34]. However the orthorhombic to defect-ﬂuorite symmetry
transition of Sm2TiO5 observed by Tracy et al. [4] does not ﬁt with
the proposed temperature stability diagram. It should be noted that
symmetries others than those shown in the Shepelev and Petrova
temperature stability diagram have been shown to form at higher
pressure sintering. In a study by Zhang et al. [35] using high pres-
sure, La2TiO5 transitioned from orthorhombic to hexagonal sym-
metry at 10 GPa, and Nd2TiO5 underwent the same transition at
12.9 GPa.
The swift heavy ion irradiation that induced phase transitions
were dominated by inelastic, electronic scattering. This is different
from the ion e lattice atom interactions that occurred within this
study. The use of 1MeV Kr ions has resulted in scattering domi-
nated by elastic interactions, as highlighted by the electronic to
nuclear stopping ratios (Table 3) with values less than 1.
In our previous work [5] bulk Dy2TiO5 with orthorhombic
symmetry was irradiated with 12MeV Au ions and the structure
analysed using grazing incidence x-ray diffraction. No intermediate
phase transition was detected between the crystalline, ortho-
rhombic symmetry, to an amorphous phase. It is therefore pro-
posed that, for heavy ion irradiation around the low MeV energy
range, which is dominated by elastic scattering, it may be sufﬁcient
to use the defect formation energy calculations to predict trends
within the Ln2TiO5 series.
As the lanthanide radius becomes smaller, beyond Dy, the ion-
irradiation response, Tc, improves, i.e. lowers in value (Fig. 6). This
region coincides with Ln2TiO5 compounds with cubic symmetry. It
has been noted in previous studies that Ln2TiO5 compounds with
cubic symmetry tend to display improved ion-irradiation tolerance
[7,8]. For this series, it appears that the ability to tolerate disorder
within the structure is the driver of ion-irradiation tolerance. In
particular, the trend from the more ordered pyrochlore structure of
Ho2TiO5 to the disordered, no preferred cation site and anion dis-
order, of the ﬂuorite structured Yb2TiO5 coincides with an
improvement in radiation response. Whilst there have been no
defect formation energy studies of the cubic Ln2TiO5 series, there
have been many studies on the related pyrochlore Ln2Ti2O7 series.
As covered in the introduction, smaller lanthanides, due to their
size being closer to that of titanium, can accommodate Ln-Ti anti-
site disordering, and so the defect-ﬂuorite structure will be more
thermodynamically stable. It is this stability of the ﬂuorite structure
that has been linked with improved radiation tolerance. In a
comprehensive review of Tc values for pyrochlore and ﬂuorite
structured materials with Ln2M2O7 (M¼ Ti, Mo, Sn, Hf, and Zr) by
Lumpkin et al. [17], a general, although not linear, trend was found
Fig. 4. Selected area electron diffraction patterns for the Ho(x)Yb(2-x)TiO5 series of compounds [(a) x¼ 2, (b) x¼ 1.6, (c) x¼ 1.2, (e) x¼ 1, (f) x¼ 0.8, (g) x¼ 0.4, (h) x¼ 0], (d) Er2TiO5,
and (i) simulated (SingleCrystal software) pyrochlore (Fd3m symmetry) diffraction pattern all viewed down zone axis [1 1 0].
Fig. 5. The critical dose of amorphisation (Kr2þ 1MeV) versus temperature (Kelvin)
plot of the Ho(x)Yb(2-x)TiO5 series plus Er2TiO5. The lines of best ﬁt, based on equation
(1), were calculated and are ﬁt to the data points.
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structure. It should be noted that other characteristics such as local
bonding and disordering energies were also shown to contribute to
the correlations found between Tc values and characteristics.
In a similar study to this one, Whittle et al. [7] showed that the
sequential improvement in Tc from Y2TiO5 to YYbTiO5 to Yb2TiO5
could be related to the increase in disordering on the cation site
toward Yb2TiO5. This trend is also observed here (Fig. 6). The
Ho(x)Yb(2-x)TiO5 series of diffraction patterns shown in Fig. 4 lend
extra evidence to the order (presence of distinct ordered pyrochlore
phase in Ho2TiO5) to disorder (very diffuse scattering from the
modulated pyrochlore phase in Yb2TiO5) phase trend as extra
ytterbium is added to the stoichiometry. This suggests that the
ability to incorporate greater cation and anion disorder into the
structure signiﬁcantly improves the radiation response.
Sickafus et al. [36] showed a correlation between the
orderedisorder defect reaction pair (cation anti-site plus anion
Frenkel defect) energy in the Ln2Zr2O7 pyrochlore and Ln4Zr3O12 d-
phase series, and the pyrochlore or d-phase-to-ﬂuorite phase
transition temperature. They therefore suggested that
Table 3
The calculated characteristics, from crystallographic data, plus ionic radius values compared with the calculated values from ion-irradiation response data for the Ho(x)Yb(2-
x)TiO5 series and Er2TiO5. *Yb2TiO5 ion-irradiation data from previous study [40].
Compound Ln3þ (VIII) ionic radius (Å) [32] Density (g/cm3) ENSP Dc0 (x1014) Ions/cm2 Tc (K)
Ho2TiO5 1.015 7.46 0.602 2.32 (28) 738 (15)
HoYbTiO5 1.00 7.65 0.627 3.73 (6) 628 (6)
*Yb2TiO5 0.985 7.93 0.653 3.52 479 (44)
Er2TiO5 1.004 7.61 0.645 3.27 (34) 689 (6)
Fig. 6. The ion-irradiation response, Tc, versus lanthanide radius for Ln2TiO5 com-
pounds. Results are shown from this study (Ho(x)Yb(2-x)TiO5) and are compared with
results from previous studies; Ln2TiO5 with orthorhombic symmetry [5], Sm(x)Yb(2-
x)TiO5 with the four major symmetries [40], and Tb(x)Yb(2-x)TiO5 with four major
symmetries plus two polymorphs for Tb2TiO5 [41].
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the ion-irradiation induced phase transitions from ordered to
disordered (defect-ﬂuorite) structures. Another study by Jiang et al.
[37] also showed a strong correlation between the calculated en-
ergetics for the ordered-pyrochlore-to-disordered-ﬂuorite transi-
tion and the corresponding phase transition temperatures obtained
fromphase diagrams. Of greatest relevance to this study, the related
Ln2Ti2O7 pyrochlore series was shown to have non-monotonic
behaviour for the caclulated disorder energies. The trend of
increasing and then decreasing disorder energy with increasing
lanthanide size correlated well with their experimentally deter-
mined radiation response Tc values [38].
The opposite trends are found for the Ln2TiO5 orthorhombic and
cubic systems. That is, a lower defect formation energy resulted in
greater susceptibility to amorphisation in the orthorhombic sys-
tem, whilst the cubic system has a correspondingly greater resis-
tance to amorphisation. This is attributed to the lattice energy
created by incorporation of defects versus the amorphous system
energy. For those systems where it is energetically favourable to
accommodate defects such as cation anti-sites and anion Frenkel
disorder (which is the case for the ﬂuorite structure) a stable
crystalline system can be maintained. In contrast, accumulation of
defects in the orthorhombic system creates energetic instabilities
leading to eventual amorphisation.3.3. Amorphisation versus temperature trends for bulk irradiated
samples
Cross-sectional TEM is a useful tool for assessing damage depth
proﬁles and/or amorphous volumes in bulk irradiated materials. By
using either micro-diffraction or SAED to analyse the ion-irradiation damage induced layers, crystalline phase changes can
be detected [23,39], including the crystalline to amorphous phase
transition. Here we undertake a systematic temperature study of
ion-irradiation response by using cross-section. Fig. 7 is a series of
cross-sectional TEM bright ﬁeld images that show the damage
depth proﬁles for the Yb2TiO5 specimen held at 300, 400 and 450 K
whilst being irradiated with 1MeV selenium ions to a ﬂuence of
1.5 1015 ions/cm2. For the irradiation carried out at ambient
temperature (Fig. 7 (a)) this ﬂuence was sufﬁcient to create a
completely amorphous layer from the surface down to just over
400 nm depth. The crystallinity of all cross-sectional specimens
was analysed using nano-diffraction (beam of ~25 nm width) at
multiple points across the entire damage depth. The use of
diffraction allowed the amorphous depth to be determined.
In order to ensure that the in-situ experiments, conducted using
Kr ions, give displacements comparable to the ex-situ experiments,
conducted using Se ions, SRIM was used to calculate damage depth
proﬁles and the results are shown in Fig. 8. For best comparison
between the two approaches very similar damage depth proﬁles
should be used and this has been achieved. It should be noted here
that the SRIM calculated lattice atom displacements are based
purely on elastic, nuclear scattering whilst electronic scattering
only contributes to ion-energy loss in the SRIM simulation
approach.
To compare the in-situ and ex-situ ion-irradiation results, ideally
the Dc would be determined from the top 200 nm of the bulk
irradiated sample (the approximate maximum thickness for in-situ
specimens). However, for the ex-situ ion-irradiation, the ﬂuence
was set to a value (1MeV Seþ, 1.5 1015 ions/cm2) sufﬁcient to
facilitate the crystalline to amorphous transition based on where
the in-situ Dc values had previously been observed to signiﬁcantly
increase (Fig. 5). This results in data that will show whether the
1.5 1015 ions/cm2 has rendered the top 200 nm amorphous, but
does not allow the Dc from the top 200 nm to be determined. An
incremental increase in dose followed by intermittent cross-
sectional analysis would theoretically allow the Dc value to be
determined. This would be an extremely time-consuming experi-
ment, and undertaking a systematic series of such experiments is
almost unfeasible.
The amorphous region of the bulk specimen is large (~400 nm)
for irradiations carried out at 300 K (Fig. 7) and theDc is determined
from the ﬁnal depth of the amorphous volume. The
experimentally-determined amorphous depth was compared with
the SRIM based calculations for the damage depth proﬁles (Fig. 8)
and from this a Dc value was determined (Table 4).
Fig. 8 reveals that the damage depth proﬁle has an increasing
gradient from the surface to 200 nm depth. To determine the in-situ
Dc300K, the lowest dpa value across the 200 nm damage depth is
used, as this is the minimum damage required to render the entire
grain amorphous (Table 4).
As the temperature of the bulk specimens became closer to the
in-situ Tc value, domains of crystallinity begin to appear in the vi-
cinity of the top 200 nm volume (Fig. 7). The specimens were
classiﬁed as having reached their critical temperature if there was a
general trend of crystallinity detected within the various sampled
Fig. 7. Cross-sectional bright ﬁeld images of the Seþ 1MeV ion-irradiated Yb2TiO5 samples held at (a) room temperature (nano-diffraction showing various amounts of crystallinity
with depth), (b) 400 K {nano-diffraction down zone axis [1 1 0] showing absence of pyrochlore reﬂection (1 1 1) in top NBD but presence in the below NBD}, and (c) 450 K. The
images show a completely amorphous 400 nm deep section, indicated via homogeneous contrast, for the room temperature irradiation whilst samples held at higher temperatures
tended to form domains of crystallinity throughout the irradiated depth.
Fig. 8. SRIM calculation based on NRT model, of the damage depth proﬁles comparing the response of Yb2TiO5 to ion-irradiation using 1MeV Kr and 1MeV Se.
Table 4
The calculated dpa for in-situ values are the average from the surface to 70 nm depth. The calculated dpa for ex-situ are based on the amorphous depth with the average taken
from plus and minus 25 nm either side. The Tc value for in-situ is based on the calculation described in the methods section and for ex-situ is based on the temperature where
crystallinity is detected within the surface to 200 nm volume.
Compound Dc(300 K) ex-situ dpa Dc(300 K) in-situ dpa Tc (K) ex-situ Tc (K) in-situ
Ho2TiO5 0.11 0.32 575 (25) 738 (15)
HoYbTiO5 0.35 0.40 525 (25) 628 (6)
Yb2TiO5 0.79 0.55 425 (25) 479 (44)
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some crystallinity (Tc values shown in Table 4).
The determination of dpa using the two experimental ap-
proaches differs in several aspects. With the TEM ex-situ cross-
sectional approach, the amorphous depth is measured and a dpa
value can be selected directly from the damage depth proﬁle
generated by SRIM. At a depth of approximately 500 nm, the irra-
diating ion will have reached close to its complete trajectory and
during the process will have lost signiﬁcant kinetic energy. This
lower energy ion will have ion e lattice atom interactions strongly
dominated by elastic scattering, much more than within the top
200 nm from the surface. This results in fundamentally different ion
e lattice atom scattering creating the damage in the observed
specimens between the in-situ and ex-situ experimental ap-
proaches. The greater elastic scattering, which tends to give greater
displacement density, near the 500 nm depth should result in a
lower Dc value for the ex-situ, when compared with the <200 nm
thick specimen in-situ approach, where there is greater inelastic
scattering.
For bulk-irradiatedmaterials there is added complexity from the
ballistic mixing of the irradiating ions, resulting in accumulation
within the lattice. This ballistic mixing is not an issue for the in-situ
TEM specimens as the specimens are thin enough so that the tra-
jectory of the irradiating ions normally results in complete trans-
mission. This ballistic mixing within the bulk material, which
introduces a new element into the matrix either via interstitials or
lattice atom replacement, will likely destabilise the local structure
and should result in a lowering of the Dc value for the ex-situ
approach.
There are signiﬁcant differences in the Dc(300K) values attained
using the two different approaches (Table 4). These differences in
values may be due to the differences in experimental set-up
described above but may also be due to the energetic differences
in the systems between the large surface area to volume ratio found
for the thin in-situ specimens when compared to the bulk material.
These thin in-situ specimens allow defects tomore easilymigrate to
the surface, especially at elevated temperatures where defects have
greater mobility. It may be expected that the Dc(300K) values
attained using the ex-situ approach would differ when compared
with the in-situ due to factors already discussed, higher elastic
scattering, ballistic mixing and lower surface area to volume ratio.
The Yb2TiO5 specimen has a signiﬁcantly higher ex-situ Dc(300K)
value compared with the in-situ and this may be explained by the
ambient temperature being close to the Tc and for bulk specimens
epitaxial recrystallisation is enhanced. Overall, the same trend of
increasing Dc(300K) valuewith increasing ytterbium content is found
by both experimental approaches.
Previous studies of Ln2TiO5 specimens exposed to high energy,
GeV, ions have shown that epitaxial recrystallisation occurs within
the damage zone for some of the smaller ionic radii lanthanides
[4,34]. The lower Tc values determined for the bulk samples in our
study are proposed to be due to enhanced epitaxial recrystallisa-
tion. In the bulk material, the lattice beyond the damage zone can
act as a nucleation point for recrystallisation at the ion-irradiated
damage zone/crystalline interface. In each TEM cross-sectional
temperature versus damage depth proﬁle series (e.g. Fig. 7), crys-
talline domains are observed within the damage zone with
increasing temperature, beginning from the damage zone/crystal-
line interface upwards toward the surface. This crystallinity from
the bottom up is despite the fact that the greatest concentration of
ion-irradiation induced defects occurs at around the 200± 100 nm
depth (Fig. 8). If epitaxial recrystallisation was not a factor in
crystallinity recovery, recrystallisation would be expected to occur
initially at the deepest point amorphisation had occurred, followed
by the surface, and ﬁnally at around the 200 nm depth where thegreatest concentration of defects should be found.
As with the Dc values found using the two different approaches,
the Tc values are signiﬁcantly different, with lower values observed
when using the bulk irradiation approach (Table 4). However, the
trend of a lower Tc value with greater ytterbium content is
consistent across the two approaches used.
The proposed mechanism for improved radiation tolerance for
the Ln2TiO5 cubic compounds with smaller lanthanides is the
ability to accommodate cation anti-site disordering into the crys-
talline structure. Investigation of the cross-sectional damage zone
using nano-beam diffraction (NBD) has shown the presence of
defect-ﬂuorite and defect-pyrochlore regions (Fig. 7 b) within the
recrystallisation zone of Yb2TiO5 held at 400 K during irradiation.
The lack of diffuse rings found in these NBD patterns indicates a
high degree of crystallinity and gives conﬁdence that the observed
phase change from defect-pyrochlore to defect-ﬂuorite is real. The
ability of Yb2TiO5 to transition from a long-range defect-ﬂuorite,
short-range defect-pyrochlore to defect-ﬂuorite upon irradiation
gives validation to this mechanism for improved ion-irradiation
response.4. Concluding remarks
An investigation of the ion-irradiation response for the Ho2TiO5,
HoYbTiO5, Er2TiO5, and Yb2TiO5 cubic symmetry series of com-
pounds revealed a trend by which compounds containing the
smaller lanthanides are more radiation tolerant. This trend is
consistent with previous studies of the related pyrochlore struc-
tured Ln2Ti2O7 series of compounds.
The improved radiation resistance is related to lower disorder-
ing energies (cation anti-site energy) and greater defect mobility
for Ln2TiO5 compounds containing lanthanides with a smaller
radius. The greater defect mobility allows epitaxial recrystallisation
of the damage zone to occur.
In-situ TEM irradiation was compared to results from ex-situ ion
irradiation followed by TEM cross-sections. The Tc values attained
using the in-situ approach tended to be higher relative to the ex-situ
values. There were several possible mechanisms described for this
variation in values between characterisation techniques with
epitaxial recrystallisation for irradiated bulk specimens being
proposed as the source of lower Tc values found using the ex-situ
approach. Whilst values were different the trends in both the Dc
and Tc values match between the in-situ and ex-situ experimental
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8. Conclusions 
 
An interest in the radiation tolerance of the Ln2TiO5 system of compounds stems from their 
potential use within nuclear applications. Some of these, such as Dy2TiO5, are already in 
use in nuclear fuel as excess neutron absorbers. One of the most heavily studied ceramic 
based nuclear waste-forms, SYNROC, has several phases that are structurally the same 
with those of the Ln2TiO5 system of compounds. In determining the suitability of these 
materials for nuclear applications, there are a range of characteristics and properties that 
need to be considered. For materials proposed to be used as waste-form matrices, the ability 
to tolerate exposure to high energy particles is one of the most important properties. 
 
In our studies, several systematic Ln2TiO5 series have been investigated for both crystal 
structure detail and ion-irradiation response. For crystal structure characterisation 
synchrotron x-ray diffraction, neutron diffraction, and TEM characterisation have all been 
employed. For the experimental determination of ion-irradiation response, the in-situ ion-
irradiation coupled with TEM characterisation has been the main technique used. These 
irradiation studies have been further investigated using cross-sectional TEM and grazing 
incidence x-ray diffraction. The following summarises these studies, looks at their potential 
impact, and discusses possible future work. 
 
8.1. Crystal Structures 
 
8.1.1. The Ln2TiO5 orthorhombic system. 
 
Here, those Ln2TiO5 compounds with orthorhombic symmetry that could be fabricated as 
bulk, single phase materials (Ln = La, Pr, Nd, Sm, Gd, Tb, and Dy) had their crystal 
structures investigated using synchrotron x-ray diffraction. The crystal structure detail 
collated allowed a systematic comparison of cell parameters, bond lengths, and calculated 
valencies. 
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There was a general decrease in lattice parameters across the series from lanthanum to 
dysprosium titanate. The decrease from La2TiO5 to Dy2TiO5 in the a and b cell parameters 
were similar with decreases of 5.8 % and 5.7 % respectively. However there was only a 
minor decrease in the cell parameter c of 1.5 %. 
 
The analysis of calculated bond valence values showed that all of the Ln2TiO5 compounds 
tested between lanthanum to terbium had nominal charge balance, ± 10 %, relative to the 
formal valence values of 3 and 4 for Ln and Ti respectively. However the Dy2TiO5 
compound showed a significant deviation from this nominal charge balance. 
 
The change in bond valence for the Dy2TiO5 relative to the other orthorhombic Ln2TiO5 
compounds coincides with significant changes in its bonding. Decreases in the Ti-O1 and 
the Ti-O4 bond lengths for the Dy2TiO5 compound result in significant alterations to the Ti-
O polyhedra bond angles. It is speculated that this may be the de-stabilising precursor for 
the reconstructive transformation of the Ti-O5 square based pyramid configuration found in 
Ln2TiO5 with orthorhombic symmetry to the Ti-O5 trigonal by-pyramid found in the 
hexagonal symmetry. 
 
The results of this study have been further used as part of a first principles density 
functional theory study on the same orthorhombic Ln2TiO5 system [181]. The calculated 
defect energy values were then correlated with our ion-irradiation study [183]. 
 
Whilst this study has given greater crystal structure detail and in a more systematic way 
than was previously available, further studies focussed on the local chemistry may allow 
subtle changes in this system to be determined and give a more complete picture of the 
correlation of properties and characteristics. 
 
8.1.2. The Sm(x)Yb(2-x)TiO5 crystal structure series. 
 
The successful fabrication of bulk, single phase materials within the series of Sm(x)Yb(2-
x)TiO5 compounds has generated a range of crystal structures covering all of the major 
structure types found in the Ln2TiO5 system of compounds. By using varied ratios of two 
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different lanthanides, samarium and ytterbium, this study took a systematic approach to 
characterising each of the four major structure types; orthorhombic Pnma, hexagonal 
P63/mmc, cubic Fd-3m, and cubic Fm-3m. 
 
For this series, the compound Sm2TiO5 was found to adopt the orthorhombic structure with 
cell parameters a = 10.5891 (2), b = 3.7957 (1), and c = 11.3217 (2) Å. Two compounds 
Sm1.4Yb0.6TiO5 and SmYbTiO5 were found with hexagonal symmetry and cell parameters a 
= b = 3.680958 (4), c = 11.79633 (6) Å and a = b = 3.648002 (4), c = 11.81937 (5) Å, 
respectively. The compounds Sm0.6Yb1.4TiO5 and Yb2TiO5 were found to consist of cubic 
long-range fluorite (Fm-3m), and short-range, modulated pyrochlore (Fd-3m) structures. 
The cubic symmetry crystal structures were refined using the fluorite structure with cell 
parameters a = 5.137340 (1) and a = 5.09418 (9) Å for the Sm0.6Yb1.4TiO5 and Yb2TiO5 
compounds respectively. 
 
The results from this study were used in a later ion-irradiation study of the same Sm(x)Yb(2-
x)TiO5 series of compounds [184] where the effects of crystal structure were compared with 
the ion-irradiation response. The approach of using varied ratios of different lanthanides as 
a controlled means of fabricating Ln2TiO5 compounds in different crystal structure forms 
was used several times in our subsequent studies. 
 
8.2. Ion-irradiation response 
 
8.2.1. The in-situ ion-irradiation response for the Ln2TiO5 
orthorhombic system. 
 
Having thoroughly characterised the crystal structure and carried out bond valance analysis 
for the crystal chemistry (Chapter 6.1), we sought to test and compare these characteristics 
with the ion-irradiation response for the same orthorhombic system of compounds. The 
compound Eu2TiO5 had not been characterised in our earlier crystal structure study due to 
our inability to form this as a bulk, single-phase material. Here we were able to include the 
Eu2TiO5 sample by characterising small, single crystals using the TEM prior to our 
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irradiation experiments. This meant a more complete Ln2TiO5 series (Ln = La, Pr, Nd, Sm, 
Eu, Gd, Tb and Dy) could be investigated. 
 
In-situ ion-irradiation, using 1 MeV krypton ions, coupled with TEM characterisation, 
allowed the radiation response of the test materials to be monitored. The radiation response, 
as determined via critical dose of amorphisation (Dc) and critical temperature of 
crystallinity (Tc) values, varied non-uniformly across the investigated orthorhombic series. 
There was poor radiation response, high Tc values, for the compounds La2TiO5 through to 
Sm2TiO5 before sequential improvement, lowering of Tc values, with decreasing lanthanide 
radius size from Eu2TiO5 to Dy2TiO5 with values decreasing from 974 to 712 K. 
 
It was speculated that the source of improved radiation tolerance for compounds Ln2TiO5 
with orthorhombic symmetry and smaller lanthanides came from their ability to undergo 
ion-irradiation induced phase transformation. To test this, we carried out an ex-situ 12 MeV 
gold ion-irradiation experiment on the Dy2TiO5 compound using grazing incidence x-ray 
diffraction to characterise and changes in the crystal structure. There were no crystalline-to-
crystalline phase transitions, with only the crystalline-to-amorphous phase transition 
observed. 
 
At the time of publication there was no fundamental explanation for the observed ion-
irradiation trends found in this orthorhombic series study. However a more recent study 
using density functional theory to generate defect energy profiles for the Ln2TiO5 
orthorhombic series has shown an inverted correlation between their calculated cation, Ln-
Ti, anti-site defect energies and our experimental critical temperature of crystallinity values 
[181]. This work contributes toward predicting and validating the suitability of Ln2TiO5 
compounds for use within nuclear applications. 
8.2.2. The influence of crystal structure on ion-irradiation response. 
 
Having fabricated a system of compounds, Sm(x)Yb(2-x)TiO5, in the four major crystal 
structure types (Chapter 6.2) we sought to test the ion-irradiation response of these to 
investigate the influence of crystal structure on ion-irradiation tolerance. The crystal 
structure for this series was shown to have a significant influence on the ion-irradiation 
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response. The same in-situ ion-irradiation technique as used for our previous ion-irradiation 
of the Ln2TiO5 orthorhombic series (Chapter 7.1) was employed for this study. 
 
The compounds Sm2TiO5, orthorhombic Pnma, and SmYbTiO5, hexagonal P63/mmc, 
showed poor radiation response with high Tc values of 1072 and 1082 K respectively. 
Those compounds with cubic symmetry Sm0.6Yb1.4TiO5 and Yb2TiO5 showed a significant 
improvement in radiation response with Tc values of 697 and 479 K respectively. 
Characteristics other than crystal structure were explored in an attempt to explain ion-
irradiation response trends. Band gap measurements were obtained in an attempt to semi-
quantify trends in bonding across the Sm(x)Yb(2-x)TiO5 systematic series. All samples 
showed band gap values indicative of ionic-bonding, however this proved to be not 
sensitive enough for quantitative analysis of bonding. 
 
These results suggest that that Ln2TiO5 compounds with cubic symmetry perform best with 
respect to ion-irradiation response. Further to this, Ln2TiO5 cubic symmetry compounds 
with long range fluorite structure that contain smaller domains of the modulated pyrochlore 
structure are expected to show improved radiation response. 
 
Another systematic crystal structure and ion-irradiation study of the Tb(x)Yb(2-x)TiO5 system 
of compounds (Chapter 7.3) involved fabrication, for the first time, of a bulk, single phase, 
mono-lanthanide Ln2TiO5, Tb2TiO5, with hexagonal symmetry and the detailed crystal 
structure was investigated. The fabrication of Tb2TiO5 in hexagonal form also meant that 
the ion-irradiation response of two Ln2TiO5 polymorphs, hexagonal and orthorhombic, 
could be measured and compared for the first time. In-situ ion-irradiation of the Tb2TiO5 
polymorphs showed the orthorhombic symmetry to perform better than the hexagonal with 
Tc values of 889 and 1041 K respectively. This was a significant and unexpected result as 
the hexagonal structure, relative to orthorhombic, is closer to that of the cubic according to 
temperature stability diagrams and the cubic structures appear to be the most radiation 
tolerant for the Ln2TiO5 series. 
 
As for the ion-irradiation study on the Sm(x)Yb(2-x)TiO5 series (Chapter 7.2), there was a 
significant improvement in ion-irradiation tolerance for Tb(x)Yb(2-x)TiO5 compounds with 
cubic symmetry. For those compounds with cubic symmetry, there was sequential 
improvement in ion-irradiation tolerance, with lowering of Tc values, coinciding with a 
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decrease in lanthanide size. The decreased lanthanide size created crystal structures with 
long-range fluorite but smaller domains of short-range pyrochlore. 
 
These studies showed that, by controlling the crystal structure, it was possible to influence 
the ion-irradiation response for the Ln2TiO5 system of compounds. In particular, by 
fabricating Ln2TiO5 compounds with cubic symmetry the ion-irradiation response could be 
significantly improved. In future studies, the use of different fabrication regimes aimed at 
acquiring Ln2TiO5 compounds with cubic symmetry; mixed lanthanides, doping, sintering 
and pressure conditions should all be investigated. 
 
 
8.2.3. In-situ and ex-situ ion-irradiation response for the Ln2TiO5 
cubic system. 
 
With the crystal structure ion-irradiation response studies (Chapter 7.2 and 7.3) showing 
significant improvement in the radiation response of those Ln2TiO5 compounds with cubic 
symmetry this final chapter focussed on the Ho(x)Yb(2-x)TiO5 cubic series of compounds and 
their ion-irradiation response. 
 
Here, an initial investigation of the crystal structures of the series Ho(x)Yb(2-x)TiO5 (x = 2, 
1.6, 1.2, 1, 0.8, 0.4, 0) and Er2TiO5 was carried out and showed them all to consist of long 
range defect-fluorite and short range defect-pyrochlore structure. In this series, there was a 
trend of decreasing defect-pyrochlore structure range corresponding with a decreasing 
lanthanide size. The in-situ ion-irradiation investigation for this series showed sequential 
decreasing of Tc values with decreasing lanthanide size. This lowering of Tc value, 
improving radiation response, was correlated with an improved energetic stability for the 
defect-fluorite structure with a decreasing lanthanide size. This trend of improved radiation 
tolerance for cubic symmetry Ln2TiO5 compounds with smaller lanthanides matches what 
was found in previous studies on related pyrochlore structured Ln2Ti2O7 compounds. 
 
The improvement in ion-irradiation response for the cubic Ln2TiO5 compounds was related 
to lowering of cation anti-site energies for those compounds with smaller lanthanides and 
the related formation of the defect-fluorite structure upon exposure to ion-irradiation. To 
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further validate the in-situ results bulk specimens were irradiated ex-situ, using 1 MeV 
selenium ions, and characterised using cross-sectional TEM. The Dc and Tc values derived 
using the two different approaches, in-situ and ex-situ, did differ, however the radiation 
response trends were found to be the same. The cross-sectional TEM analysis also allowed 
an apparent phase transition from long-range defect fluorite, short-range defect pyrochlore 
to just long-range defect fluorite to be detected in the irradiated Yb2TiO5 sample. This 
result gives validation to the hypothesis of greater radiation tolerance in the Ln2TiO5 
system correlating with the energetically more favourable fluorite structure transition upon 
exposure to irradiation.  
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